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1. EXECUTIVE SUMMARY
The technical objectives of this project are:

a To identify the partitioning of inorganic coal constituents among vapor, submicron fume,
and fly ash products generated during the combustion of pulverized coal under a variety of
combustion conditions. Fuel lean and fuel rich combustion conditions are considered.

b: To identify and quantify the fundamental processes by which the transformations of
minerals and organically-associated inorganic species occur. Emphasis is placed on
identifying any changes that occur as a result of combustion under sub-stoichiometric
combustion conditions.

c: To incorporate the effects of combustion stoichiometry into an Engineering Model for Ash
Formation based upon the understanding developed in (a) and (b). This model predicts
the particle size and chemical composition distributions of ash formed during the
combustion of pulverized coal under a broad range of conditions.

A description of the work followed to accomplish these objectives is presented in Section 2 of this report.

The work discussed in this report represents the highlights of this two year program. Major

accomplishments during this program are summarized below.

1)

()

Coal Selection and Characterization

Four U.S. coals were selected and acquired for this program. These coals were selected because
(1) they were deemed representative of coals currently being burned at power plants in the U.S.,
and (2) contained the major minerals that have been identified, under certain conditions, with ash
deposition. These coals were a run-of-mine Pittsburgh #8 coal, containing 27.7% ash by weight
(dry basis), a washed Pittsburgh #8 coal, containing 7.6% ash by weight (dry basis), a beneficiated
Pittsburgh #8 coal, containing 5.3% ash by weight (dry basis), and a Wyodak Anderson (Black
Thunder) sub-bituminous coal, containing 5.9% ash by weight (dry basis). Silica dominated the
chemical composition of the ash derived from all four coals. Calcium oxide was also present in
high concentrations in the ash derived from the sub-bituminous coal. For the three Pittsburgh
coals, the iron oxide content as a percentage of the ash increased with decreasing coal ash content.

In addition, Silverdale bituminous coal, a British coal, was obtained from the utility National
Power. This coal contained 16.7% ash by weight (dry basis). It was characterized in detail, and
tested extensively at bench scale through power plant scale combustion facilities, as part of a
slagging program led by the utility PowerGen. Silverdale was studied by selected groups during
the research program described herein.

Coal Mineralogical Characterization

Computer-controlled scanning electron microscopy (CCSEM), Mossbauer spectroscopy, and x-ray
absorption fine structure (XAFS) spectroscopy were used to characterize the mineral matter in the
coal. Mineral size and chemical composition distributions were thus generated for each of the five
coals. Kaolinite and quartz were the dominant minerals detected in the Black Thunder coal. A
calcium aluminum phosphate (crandallite) mineral phase was also detected (approx. 6 wt% of the
mineral matter); this had not been observed in any coal previously examined by this research team.
Illite, quartz, kaolinite, and miscellaneous silicates not corresponding to a distinct mineral phase
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dominated the mineralogy of the three Pittsburgh seam coals. Pyrite content ranged from 12% for

the run-of-mine coal to 27% for the washed coal and 21% for the beneficiated coal. Mdssbauer v
analysis indicated the presence of significant amounts of non-pyritic iron forms in the beneficiated
coal. These findings are discussed in detail in sections 3 and 4 of this report.

Combustion-derived ash was also analyzed by CCSEM, Mossbauer, and XAFS techniques.
Results are described in Sections 4 to 7.

(3) In-situ XAFS determination of the forms of iron in ash
In a separate program, researchers from PS], the University of Kentucky, and the Division of
Applied Sciences at Brookhaven National Laboratory designed and built a combustion test facility
for the high temperature, atmospheric pressure, in-situ collection of XAFS data. The facility
permitted in-situ XAFS measurements to be made of flowing ash particles and of ash deposits
immediately downstream of a drop-tube furnace reactor exit.

In this program, experiments using pyrite and iron-rich coal fractions were conducted in the
facility in an attempt to isolate the transformations of iron as a function of time and combustion
conditions. Under sub-stoichiometric combustion conditions, the development of a sticky iron
oxide-sulfide was observed and resulted in ash deposition within the drop tube furnace. These and
other experiments, including a comparison of samples generated in the in-situ furnace with ash
samples generated “off-line” in the PSI drop tube furnace, are described in detail in Section 4 of
this report.

4 Fate of iron during combustion under a range of stoichiometric conditions
Understanding the effect of combustion conditions on iron aluminosilicate ash particle formation
is important to imported predictions of ash deposit formation. Iron aluminosilicate particles have
lower viscosities than either iron oxide or aluminosilicate ash particles, and therefore stick to boiler
tube surfaces under a broader temperature range. Experiments using the Pittsburgh coals were
conducted at PSI and MIT under a range of oxygen partial pressures (stoichiometric ratios). In
general, iron aluminosilicate particles formed under all combustion conditions, with the amount of
crystalline iron oxide decreasing with increasing partial pressure of oxygen. Both Fe(Il) and Fe(II)
containing aluminosilicate particles were formed, with the ratio {Fe in glass as Fe(II} / Fe in glass
as Fe(Il) } increasing with increasing oxygen partial pressure. Because iron in the (+2) oxidation
state creates a lower viscosity ash particle, deposition attributed to iron aluminosilicate particles
may be more severe under low oxygen combustion conditions. These results are described in
detail in Sections 5 and 7 of this report.

Experiments using iron in prepared glass samples were subsequently conducted to explore the
effect of iron oxidation state on particle deposition. Glass particles of mass median diameter

20 um, containing 20% by weight iron oxide (all of which was in the {+2} oxidation state) were
impacted on ceramic tubes under a range of temperatures and oxygen partial pressures. Particle
collection efficiency, a measure of deposition, decreased by a factor of 2-4 when the iron in the ash
particles was oxidized to Fe(Ill). A melt diffusion controlled model of iron oxidation fit the data
within the uncertainty of the experiments, suggesting that diffusion of oxygen through the glass
controlled the rate of glassy iron oxidation. This study confirmed the importance of viscosity in
determining particle deposition potential, and illustrated the role iron oxidation state plays in
determining viscosity. These results are described in detail in Section 7.




&)

©

(7)
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Effect of coal weathering on formation of an iron-containing fume

In the scientific literature, a range of values have been reported for the amount of iron that is
present in the submicron fume resulting from coal combustion. Values of less than 1% have been
reported and attributed to the relative non-volatility of iron compounds during coal combustion,
whereas values as high as 40 to 60% of iron being present in the submicron fume have also been
reported. These higher values have been attributed to the reactive decomposition of pyrite. The
wide range in reported iron values had been attributed to coal weathering; i.e. the suggestion that
iron release is suppressed when the pyrite in coal has been slightly oxidized. To assess this
hypothesis, samples of unweathered Illinois #6 coal were obtained from the Penn State University
Coal Bank. Mdssbauer analysis of the coal for forms of iron found that all of the iron was present
in pyrite of clay minerals. No evidence for oxidized iron was found. Combustion experiments
were conducted with this coal, and the resulting submicron fume examined for iron content. Less
than 1% of the iron was found to be present in the submicron size range. These results are
discussed in Section 7 of this report.

Model of iron partitioning during coal combustion

A model of iron partitioning during coal combustion developed under prior DOE funding was
modified under this program. Specifically, the original model contains an adjustable parameter for
the ratio of iron to silicate in combustion-derived aluminosilicate ash particles. The effect of
system parameters (temperature, time, mineral particle size) on this parameter was examined, and
used to derive a modified parameter in the model. Using the modified model, calculations were
run and compared to results generated using the original model. Compared to experimental data,
the new model produced slightly better agreement. This is discussed in Section 6 of this report.

Effect of stoichiometric ratio on ash formation

- In general, the formation of non iron-containing ash phases was not greatly affected by changes in

combustion conditions. For the Pittsburgh coals, the extent of calcium aluminosilicate formation
decreased with decreasing stoichiometric ratio, a result of reduced interaction between calcite and
clay minerals under sub-stoichiometric conditions (which resulted in incomplete char burnout).
The Wyodak Anderson (Black Thunder) sub-bituminous coal showed little difference in the extent
of calcium aluminosilicate formation with changing combustion conditions; the small change in
burnout associated with changing stoichiometric ratio is believed responsible. These results are
described in Sections 5 and 7 of this report.

Effect of carbon on ash stickiness and deposition

In this program, experiments conducted under sub-stoichiometric combustion conditions resulted
in incomplete carbon burnout for all of the Pittsburgh coals. Experiments were conducted to
examine the effect of the residual carbon in the ash on ash particle deposition. Results indicated
that a critical carbon content existed; for carbon contents below the critical carbon content, carbon
has little or no effect on ash stockiness. For higher carbon contents, however, ash stickiness
decreased with increasing carbon content, with the decrease proportional to the carbon content of
the.ash. These results are discussed in Section 7 of this report.

Engineering Model for Ash Formation (EMAF)

The Engineering Model for Ash Formation (EMAF), which predicts coal-dependent ash particle
size and chemical composition distributions, was modified during this program to describe the
effects of char fragmentation and fuel-rich combustion. Predictions made with the modified
version of EMAF were then compared with experimental data generated during this and other
research programs. Improved fit to experimental data was observed with the incorporation of
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these modifications. A parametric study of the effect of various model parameters on char structure
and subsequently on ash particle size and composition distributions was also conducted. These
results are described in detail in Section 8 of this report.

These results are described in the remainder of this report, with sections divided according to sub-
topic and further by the group performing the work. Specifically, the report is broken down as follows:

In Section 3 the four program coals, and the PowerGen coal are discussed in detail. These coals
include a sub-bituminous Black Thunder coal and three Pittsburgh No. 8 coals (a run-of-mine, a washed
coal, and a beneficiated coal). The coal provided by PowerGen was a Silverdale bituminous coal.
Standard coal analysis including ultimate, proximate, and ASTM ash are presented in Section 3. Data
from more sophisticated analysis, including CCSEM and Méssbauer, are also presented.

In Section 4, the CCSEM and Méssbauer analysis of the individual coals is reported in detail by
the University of Kentucky (UKy). Ash from short residence time and reducing condition combustion
experiments at PSIT was also analyzed and the data presented. Data from ash samples from combustion
experiments at DoE/PETC, Massachusetts Institute of Technology (MIT), and the University of Arizona
(UA) are also presented in detail. In general, the data from these combustion experiments suggest that the
degree of mineral interaction decreased with decreasing stoichiometric ratio. Further, the amount of lower
oxidation state iron (eg; magnetite and Fe(I) in glassy particles) increases with decreasing stoichiometric
ratio. Deposit samples obtained by PowerGen during field testing, and from PSIT deposition experiments
are also presented. Finally, Section 4 discusses in detail the development and use of the in-situ XAFS
reactor at Brookhaven National Laboratory.

In Section 5, results obtained during combustion studies at MIT of size-segregated samples of the
-washed Pittsburgh No. 8 coal are presented. Experiments were conducted at a gas temperature of 1650 K
and under oxygen concentrations of 0 to 100% in nitrogen. As expected, the extent of inorganic species
vaporization increased with increasing partial pressure of oxygen. A model to predict iron vaporization
was developed based on these results.

The development of the UA iron evolution model is described in Section 6. Specifically, a model
was developed to predict iron partitioning into iron oxide or iron containing glass (or residual pyrite
products). A sub-model was also developed to describe the crystallization of iron from an oxidized melt at
temperatures less than 1600 K. Work initiated to better define the empirical fit parameters in the model is
also described. Both the original model and the modified model were found to be in good agreement with
experimental data from the self-sustained combustor at UA. Experiments in the drop tube facility at UA
are also discussed. This discussion includes a description of the facilities and experimental procedures and
presentation of the iron partitioning data for experiments with the washed Pittsburgh No. 8. Data from
these experiments suggested that significant unburned carbon and unreacted pyrite remains at low
stoichiometric ratios (reducing conditions).

In Section 7, experimental results obtained during combustion experiments with the program
coals, including the Silverdale coal, are described by PSI Technologies (PSIT). These results demonstrate
the effect of carbon, present at short residence times or under reducing conditions, on ash deposition. In
general, carbon contents above a critical value were found to decrease ash stickiness. The behavior of iron
under these conditions is also presented. Experiments with synthetic ashes were performed to determine
the effect of iron oxidation state on ash stickiness and to determine the controlling mechanism for iron
oxidation in glassy melts. These experiments indicated that increasing the Fe(II)/Fe(III) ratio in the glassy
ash particles dramatically increases ash stickiness. In addition, the data suggested that oxidation of the iron
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in the glass was melt diffusion controlled. The data, and a model based on the data, are presented in
Section 7. Also in Section 7, a discussion of the formation of an iron containing fume during combustion
of a pristine Illinois No. 6, is provided. These experiments contradicted the proposed non-vaporization
mechanism for iron fume formation presented in the literature by other researchers in the literature.

Section 8 consists of a discussion of the Engineering Model for Ash Formation (EMAF). This
model was modified during the program to incorporate the effects of char fragmentation (from cenospheric
chars) on ash formation. The model was then validated with data from drop tube experiments and field
tests. Also included in Section 8 is a discussion of the model for submicron fume formation that was
developed under separate funding; the discussion is included because the model is important to this work.
Finally, modifications to incorporate the dominant effects of combustion under reducing conditions, low
combustion temperatures and incomplete burnout, are described. Predictions from the modified model are
then compared with the data discussed in Section 7. In general, the model accurately predicted the trend of
decreased mineral interaction with decreasing stoichiometric ratio.
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OVERVIEW OF PROGRAM TASKS
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2. OVERVIEW OF PROGRAM TASKS

This project is designed to examine the effects of combustion stoichiometry on the fandamental
aspects of ash formation and ash deposit initiation. Emphasis will be placed on reducing stoichiometries
associated with low-NOx combustion, although a range of oxidant/fuel ratios will be considered. Previous
work has demonstrated that ash formation depends strongly upon coal mineralogy, including mineral type,
size, amount, and the presence of organically associated inorganic species. Combustion temperature and
the oxidation state of iron will also play a significant role. As these latter items will vary with changes in
stoichiometry, research to determine the net effect on deposition is required.

To achieve these goals, a research program with the following technical objectives will be
pursued:

¢)) identify the partitioning of inorganic coal constituents among vapor, submicron
fume, and fly ash products generated from the combustion of pulverized coal
under a variety of combustion stoichiometries. Fuel-lean and fuel-rich
combustion conditions will be considered.

(2) identify and quantify the fundamental processes by which the transformation of
minerals and organically-associated inorganic species occur. Identify any
differences from standard pulverized coal combustion conditions.

3) modify, to incorporate the effects of combustion stoichiometry and based on the
understanding developed in (1) and (2) above, an Engineering Model for Ash
Formation. The previously developed model is capable of predicting the size and
chemical composition distributions of the final ash products under standard
pulverized coal combustion conditions of 20% excess air. These modifications
will extend the model to include phenomena that may be dominant under a broad
range of stoichiometries.

Experiments, sample analyses, and modeling will be conducted at several facilities as part of this
program. Detailed coal and ash sample analysis using Mossbauer spectroscopy, x-ray absorption fine
structure spectroscopy (XAFS), and computer controlled scanning electron microscopy will be carried out
at the University of Kentucky (UKy). Small-scale drop tube combustion tests using size and density
classified coal samples and possibly synthetic char samples will be carried out at the MIT to determine the
extent of mineral coalescence and inorganic vaporization as a function of combustion stoichiometry.
Combustion experiments utilizing utility grind coals will be conducted at PSI to examine the effects of
stoichiometry on mineral interactions. Deposition experiments using ash generated from combustion
experiments and using pure minerals will also be conducted to investigate deposit initiation as a function
of combustion conditions. The engineering model for ash formation (EMAF) will be modified to include
effects of combustion stoichiometry as part of this effort. Self-sustained pilot scale combustion
experiments will be conducted in the University of Arizona (UA) 100,000 Btu/h facility to address issues
of scaling in combustion processes. The interaction of iron with aluminosilicates as a function of changing
combustion conditions will be the focus of this effort. Modeling of the iron-aluminosilicate interaction
process will be conducted as part of the UA study. Finally, interaction with an integrated program led by
the utility PowerGen will be used to address issues of deposit formation at full scale for comparison with
the bench and laboratory scale results of this program. A work breakdown structure containing a brief




description of each task follows. The relationship among the participants is illustrated schematically in
Figure 2-1.

Task 1 - Program Planning, Management, Reporting, and Peer Review

This task, to be performed by PSI Technologies, consists of: (1) preparing and annually updating a
program plan; (2) coordinating, managing, and integrating the subcontracts and project results; (3) prepar-
ing project monthly reports; (4) integrating and preparing project quarterly reports; (5) integrating and
preparing the program final report; (6) conducting annual peer review and project coordination meetings
with the project principal investigators, either as a separate meeting or in conjunction with a technical
conference, and including when appropriate the principal investigators of other DoE-supported ash
formation research programs identified by the DoE project manager; and (8) acquiring and distributing
coals to all of the project principal investigators.

Task 2 - Fundamental Study of Ash Formation and Deposit Initiation Under Reducing
Conditions (PSI Technologies)

PSI will study the effect of combustion stoichiometry on mineral matter and inorganic species
transformations with an emphasis on sub-stoichiometric combustion. This will occur through a series of
experiments to be conducted in a well-characterized laboratory flow reactor on a minimum of two coals.
Coal blends may also be examined if of benefit to the program and of mutual interest to PSI and
DoE/PETC. One or more of the coals studied in this task may be coals previously studied at PST under
DoE contract number DE-AC22-86PC90751 to permit a direct comparison with results obtained under
oxidizing conditions. Model mineral compounds will also be examined as necessary to identify the
importance of the oxidation state of iron in determining mineral coalescence and ash deposition. Selection
of any coal samples will be coordinated with the DoE/PETC program manager.

PSI will also conduct limited experiments to determine the effect of pyrite weathering on the
evolution of an iron oxide fume. These experiments will be coordinated with a similar study at Sandia
National Laboratories.

PSI will also conduct in-situ combustion experiments in conjunction with the University of
Kentucky and Brookhaven National Laboratories using an in-situ combustion reactor at beamline X19-A
of the National Synchrotron Light Source.

Activities under this task will include collection and examination of ash samples at varying
combustion temperatures and/or oxidant concentrations. Ash samples will be collected using extractive
sampling. In-situ deposit collection techniques will be used to measure ash particle collection efficiencies
as a function of temperature and stoichiometric ratio. Extracted ash and deposit samples will be
characterized as necessary to determine particle size and chemical composition distributions as well as the
chemical state of key components such as iron and calcium.

Task 3 - PowerGen Collaboration (PSI)

In order to understand the effects of combustion scale on ash formation and deposition under
reducing conditions, PSI will interact with a government and industrial program currently underway in
Great Britain. Led by the utility PowerGen, this program includes experiments at scales ranging from
fundamental bench reactors to operating power plants. As part of a collaborative effort, PST hopes to
conduct laboratory experiments either at PSI, at BNL on the in-situ XAFS combustor, or in both reactors
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under a range of combustion conditions using a coal provided by PowerGen. If deemed appropriate by
PSI, UA, and the DoE/PETC Program Manager, UA may also conduct combustion experiments with one
of these coals. These experiments will permit direct comparison of results obtained in this project with
those obtained at full scale in the PowerGen program. -This interchange will also add to the database used
in the modifications of the engineering model for ash formation described under Task 4.

Task 4 - Engineering Model for Ash Formation (PSI)

The results obtained by the organizations participating in this project will be applied by PSI to
revise, test, and validate the EMAF developed previously. The work on this subtask includes analyzing the
experimental results and identifying data and technical information related to extending EMAF. Specific
areas of interest include the formation of ash under reducing stoichiometries, the formation (particularly
the chemical composition) of the submicron ash fume, and the influence of char fragmentation on ash

formation. As part of this task, PSI will also coordinate modeling activities to be conducted by the MIT
and UA subcontractors.

Task 5.1 - Advanced Techniques for Coal and Ash Characterization Including In-situ XAFS
Measurements (UKy)

The University of Kentucky will apply advanced analytical techniques such as computer-
controlled scanning electron microscopy (CCSEM), Méssbauer spectroscopy, and x-ray absorption fine
structure spectroscopy (XAFS) to characterize coal and ash samples from this program as needed by the
individual principal investigators. If agreed upon by PSI, UKy, and the DoE program manager, UKy will
also analyze selected coal and/or ash samples obtained from the PowerGen program in Great Britain.

As part of this task, UKy will conduct dynamic in-sita XAFS experiments at the Brookhaven
National Laboratories (BNL) National Synchrotron Light Source (NSLS) with PSI and BNL using an in-
situ drop tube furnace previously constructed by PSI. Static in-situ measurements at elevated temperatures
will also be conducted using a cell previously built by UKy. The in-situ measurements will be used to
investigate phenomena such as the transformation of pyrite under various conditions, the formation of iron
aluminosilicate compositions as a function of combustion conditions, the formation of calcium
aluminosilicate ash compositions as a function of combustion conditions, and the composition and
oxidation state of key components in sticky, depositing ash particles as a function of combustion
conditions.

Task 5.2 - Pulverized Coal Combustion Studies Under Reducing Conditions in a Continuous,
Self-sustained Laboratory Scale Reactor (UA)

UA will conduct experiments to assess the interaction of iron and aluminosilicate minerals under
reducing combustion conditions. UA will also examine the amount and chemical composition of the
submicron fume generated under reducing conditions. This study will be conducted in the UA self-
sustained 100,000 Btu/h combustion facility. UA will conduct this study using at least one of the coals
studied by PSI and MIT under this program and including at least one coal studied previously under
oxidizing conditions. As part of the experimental effort, UA will conduct Auger analyses for samples
provided by other principal investigators on an as-needed basis. UA will also conduct Mdssbauer analysis
on selected ash samples generated at UA.

Based upon the results generated in this program, UA will modify the previously developed model
for iron aluminosilicate formation to incorporate additional coals and/or combustion conditions.
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Task 5.3 - Fundamental Study of Mineral Interactions and Ash Vaporization Under Reducing
Conditions (MIT)

MIT will conduct drop tube experiments to study the fundamental aspects of ash formation under
sub-stoichiometric conditions using narrowly sized and density classified coal samples and/or synthetic
char samples. Size segregated chemical composition measurements will be conducted to assess the release
of inorganic species to the vapor phase under sub-stoichiometric conditions. MIT will also conduct
fundamental coalescence experiments under reducing conditions to elucidate the mechanism and rate of
interaction of key mineral pairs. MIT will assist in the EMAF model testing and validation as described
under Task 4.







SECTION 3

TASK 1. COAL SELECTION, ACQUISITION, AND CHARACTERIZATION
(PSI Technologies)
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3. COAL SELECTION, ACQUISITION, AND CHARACTERIZATION

Five coals were studied under this program. These coals were 1) Black Thunder Powder River
Basin sub-bituminous coal obtained from the University of North Dakota Energy and Environmental
Research Center (EERC), 2) a run-of-mine Pittsburgh No. 8 Appalachian Basin bituminous coal, obtained
from the mine, 3) a washed Pittsburgh No. 8 bituminous coal, obtained from the Pittsburgh Energy
Technology Center of the US Department of Energy (DOE/PETC), 4) a beneficiated product produced
from Pittsburgh No. 8 coal, being studied under another DOE/PETC supported program at
ABB/Combustion Engineering and obtained from them, and 5) a Silverdale bituminous from England,
being studied as part of an ash formation program led by the utility PowerGen; this coal was obtained from
National Power.

Not all coals were studied by all participants in this program. A matrix identifying the coals
examined by each group is provided in Table 3-1.

Table 3-1. Utilization of Program Coals

Group Black Thunder | R.O.M. Pitt. 8 | Washed Pitt. 8 Beneficiated Silverdale
PSIT X X X X X

U. Kentucky X X X X X
MIT X

U. Arizona X X

3.1 Black Thunder sub-bituminous

The Black Thunder coal was obtained from the EERC at the University of North Dakota. Ultimate
and proximate analyses for this coal are reported in Table 3-2. A chemical analysis of the coal ash is
reported in Table 3-3. The results of chemical fractionation of the coal for identification of the associ-
ations of the major inorganic elements are provided in Table 3-4. All analyses were provided by EERC.

The fractionation analysis shown in Table 3-4 indicated that the majority of the calcium,
magnesium, and sodium within Black Thunder were extractable, indicative of organic association. Silicon,
aluminum, and potassium were relatively insoluble, indicative of mineral forms of occurrence. Iron
demonstrated a high acid-soluble fraction, suggesting that a portion of this element may have been present
as iron carbonate or suifate rather than as pyrite or as iron oxide.

The mineralogy of this coal was determined by computer controlled scanning electron microscopy
(CCSEM) at the University of Kentucky as part of Task 5.1 of this program. Detailed results are provided
in Section 4 of this report. CCSEM of this, and other program coals, were also provided by other
laboratories. An inter-laboratory comparison can be seen in Appendix A.
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Table 3-2. Ultimate and Proximate Analysis of Black Thunder Sub-bituminous Coal

| ] As-received Dry
Proximate (wt %)
Moisture 24.30 -
Volatile Matter 35.89 4742
Fixed Carbon 35.32 46.64
Ash 4.49 5.94
Ultimate (wt %)
C 52.84 69.83
H 7.04 573
N 0.70 0.92
O (ind) 34,54 17.07
S 0.39 0.51
Ash 4.49 5.94
Calculated HHV, Btu/lb 9,620

Table 3-3. Ash Chemical Analysis - Black Thunder Sub-bituminous Coal (wt% of ash)

Si0, 3257
ALO, 16.81
Fe,0, 5.69
CaO 22.09
MgO 479
Na,0 0.93
K,O 0.15
TiO, 1.11
P,0; 1.17
SO, 14.69
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Table 3-4. Chemical Fractionation of Black Thunder Sub-bituminous Coal (wt%, normalized to zero

Si loss)
Initial Conc. in Removed by li.emoved by Removed by Remaining
| Blement | _coalem) | M0 | NHOAc | _HOI | (insoluble) |
Si 7750 0 0 0 100
Al 4530 0 0 20 80
Fe 2020 8 0 70 22
Ti 340 0 0 19 81
P 261 3 0 87 10
Ca 8030 1 58 39 2
Mg 1470 0 72 22 5
Na 350 22 64 10 4
K 62 15 0 0 85

From the EERC CCSEM and chemical fractionation analyses, an approximate measure of the
distribution between mineral-bound inorganic species and organically associated inorganic species can be
derived. As shown in Table 3-5, CCSEM analysis indicates that mineral matter comprises 2.5 wt % of
Black Thunder. The ultimate and proximate analyses of this coal indicated an ash content of 4.5 wt %,
providing by subtraction an organically associated inorganic content of 2 wt %.! Chemical fractionation
results compare favorably. If the elemental concentrations reported in Table 3-4 are converted to oxides, a
total ash content of 4.3 wt % (sulfur-free basis) is obtained. In comparison, a sulfur-free ash content of
3.85% is obtained from ultimate/proximate and ash chemical composition analyses. The fraction of
mineral matter in the coal, based on insoluble residues reported in the chemical fractionation analysis, was
found to be 2.5%, or 2.7% if the HCl-extractable iron is included in the mineral total. From these analyses,
it is concluded that approximately 60% of the Black Thunder coal inorganic species were mineral bound
and 40% were inorganically associated.

A mineral size distribution for the EERC Black Thunder coal is given in Table 3-6. Greater than
60% of the minerals were less than 10 pm in diameter on an area percentage basis. Quartz, kaolinite, and
other aluminosilicates were concentrated in the smaller particle sizes. Although little pyrite was detected,
that found was generally greater than 22 pm in diameter. Included/excluded analysis of the EERC Black
Thunder sample is provided in Table 3-7. Approximately 43% of the mineral matter was determined to be
excluded from coal particles.

!Subtracting the weight percentage of mineral matter from the weight percentage of ash to obtain the weight
percentage of inorganically associated inorganic species is not strictly accurate. Consideration must be given to the
oxidation of minerals and organically associated inorganic species in the coal. The 2% figure quoted here therefore
represents the weight percentage of organically associated inorganic species reported as oxides. For a high pyrite or
calcite content coal, this approximation would be inaccurate because of the need to incorporate oxygen in converting
CCSEM mineral weights to bulk ash chemistry weights (the latter always reported as oxides). Because of the low

pyrite and calcite content of Black Thunder, the approximation - treating the mineral weights as oxidized weights -
can be made.
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Table 3-5. Distribution of Inorganic Species Between Mineral and Organically Associated Phases -
Black Thunder coal

Wt% Ash Wit% Organ.
" Analysis Wit% Ash (S-free) W1% Minerals Assoc.

ult/prox/ash 4.5 3.85 - -

CCSEM’ - - 2.6 1.9

chem. fract.* - 4.3 2.5-2.7 1.6-1.8

* percent organically associated by difference (from total percent ash)

* on a sulfur-free basis (sulfur not measured during chemical fractionation)

Table 3-6. Mineral Size Distribution Analysis for Black Thunder Coal by CCSEM (basis: % of
mineral area)

Mineral um pum pm Hm pm pm
W
Quartz 18 15 28 14.5 21 35

Iron Oxide/Carb. 9.5 13 29.5 20 28 0
Kaolinite 13 29 22 17 13 6
Aluminosilicate 5 20 10 53 2 10
Montmorillonite 6 28 9 30 16 11
Pyrite i1 0 2 47 12 29
Ca Al Phosphate 16 31 40.5 9.5 2 0
Unknown 43 14 17 7 12 7

Total 16.0 23.2 22.9 17.5 13.5 7.0

CCSEM data for the PSIT sample of Black Thunder, as determined by UK, are provided in
Section 4 of this report. Complete summaries of all Black Thunder CCSEM data are provided in
Appendix A of this report.




Table 3-7. Excluded Mineral Analysis of Black Thunder Coal by CCSEM

% of individual mineral area in each size bin that is excluded Total % of
mineral
Quartz 28 37 41 37 56 100 43
Iron Ox/Car. 31 30 87 0 80 0 55
Kaolinite 50 66 31 23 36 30 43
Aluminosil. 30 88 63 30 100 100 53
Montmorill. 0 27 38 92 86 100 63
Pyrite 78 0 0 69 70 100 78
CaAlP 18 39 11 0 0 0 19
Unknown 22 22 28 0 44 100 29
Total 31 46 34 37 52 74 43

3.2 Run-of-mine Pittsburgh No. 8 bituminous

A run-of-mine Pittsburgh No. 8 coal, representative of the parent of washed and beneficiated
Pittsburgh No. 8 coals also under study here, was evaluated in this program. Ultimate and proximate
analyses of this coal are reported in Table 3-8. Bulk ash chemical analysis is provided in Table 3-9. A
coal particle size distribution, measured with a Malvern Instruments diffraction-based particle sizer, is
reported in Table 3-10.

Table 3-8. Ultimate and Proximate Analysis of Run-of-Mine Pittsburgh No. 8 Bituminous Coal

Proximate (wt %) As-received Dry
Moisture 2.00 -
Volatile Matter 30.76 3140
Fixed Carbon 40.09 40.88
Ash ' 27.15 27.72

Ultimate (wt %) A 3
C

) H 4.00 3.86

N 0.98 1.00

O (ind) . 8.43 6.76

S 2.28 2.32

Ash 27.15 27.72
Calculated HHV, Btu/lb 10,040




Table 3-9. Ash Chemical Analysis of Run-of-Mine Pittsburgh No. 8 Bituminous Coal (wt% of ash)

Si0, 54.82
ALO, ) 23.06
Fe,0, 10.52
Ca0 3.48
MgO 2.26
Na,0 0.50
K,0 ' 1.74
TiO, 0.87
P,0, 0.13
SO, 2.63

Table 3-10. Coal Particle Size Distribution - Run-of-Mine Pittsburgh #8

Size Microns % Under % in band Size Microns | % Under | % in band

363 91.9 3.4 34 13.4 50 | D(v,0.5)=89 um

313 88.5 39 3.0 85 40 | D(,09)=33.3pm

27.0 84.7 40 26 | 45 26 | D(v,0.1)=3.1 ym

233 80.7 39 22 1.9 10 | D@3)=134pum

20.1 76.8 42 1.9 0.9 04 | PB2)=70um
174 726 5.1 L6 0.5 0.1

15.0 67.5 54 14 04 0.2

12.9 62.2 5.0 12 0.2
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Coal mineral analysis was provided by UK using a small sample of coal provided by PSIT.
Results of this analysis are provided in Section 4 of this report. UK data were used in subsequent
comparisons of coal mineralogy with combustion-derived ash; MTI data (discussed in Appendix A) were
used to provide an indication of the included and excluded mineral content.

Included/excluded mineral data for the run-of-mine Pittsburgh No. 8 are provided in Table 3-11.
For this coal, over 80% of the mineral matter was identified as being excluded from the coal organic
matrix.

Table 3-11. Excluded Mineral Analysis for Run-of-Mine Pittsburgh No. 8 Coal by CCSEM (data in
this table are ZAF corrected).

% of individual mineral area in each size bin that is excluded Total % of
mineral
Mineral 1-22 22-46 46-10 10-22 22 - 46 46 - 100 excluded
pm pm um pum pm um

Quartz 77 90 87 78 94 100 87
Kaolinite 59 63 67 65 90 100 69
Montmorill. 86 88 62 100 96 100 84
K-Al Silicate 79 85 71 84 86 100 84
Pyrite 74 63 47 91 87 . 100 77
Misc. Sil. 81 85 84 86 94 100 86
| Upknown 79 93 69 88 90 100 85
Total 79 R4 78 83 80 100 83

33 Washed Pittshurgh No. 8 bituminous

A washed Pittsburgh No. 8 coal, having a lower ash content than the run-of-mine Pittsburgh No. 8
described in Section 3.2, was also studied in this program. This coal is considered representative of a
commercial Pittsburgh #8. Ultimate, proximate, and ash chemical analyses for this coal are provided in
Tables 3-12 and 3-13. A coal particle size distribution, measured with a Malvern Instruments diffraction-
based particle sizer, is provided in Table 3-14. The measured coal particle size distribution was similar to
that measured for the run-of-mine Pittsburgh No. 8 coal (Table 3-10). CCSEM analysis for this coal was
provided by UK and is discussed in detail in Section 4 of this report.




Table 3-12. Ultimate and Proximate Analysis of DOE Pittsburgh No. 8 Bituminous Coal

Proximate (wt %) 1 As-received Dry
Moisture 1.40 -
Volatile Matter 36.85 37.36
Fixed Carbon
Ash

Ultimate (wt %)

C 77.05 78.11

H 4.79 4.70

N 1.39 1.41

O (ind) 7.40 6.27

S 1.89 1.92

Ash 7.48 7.58
Calculated HHV, Btu/1b 13,560

Table 3-13. Ash Chemical Analysis of DOE Pittsburgh No. 8 Bituminous Coal (wt% of ash)

Sio, 46.81
ALO, 25.03
Fe,0, 14.76
Ca0 4.80
MgO 1.71
Na,0 0.94
K,O 1.02
TiO, 0.72
P,0; 0.19
SO, 4.02
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Table 3-14. Coal Particle Size Distribution - Washed DOE Pittsburgh #8

Size Microns | Under | % in band Size Microns | Under | % in band

363 91.3 3.2 34 9.4 33 D(v,0.5)=11.1 ym
313 88.1 4.1 3.0 6.1 2.8 D(v,0.9)=34.0 ym
270 84.0 4.8 2.6 33 1.2 D(v,0.1)=3.5 ym
233 79.3 54 22 20 09 D(4,3)=15.3 um
20.1 73.8 6.2 1.9 1.1 04 D(3,2)=8.5um
174 61.7 7.2 1.6 0.7 0.2

15.0 60.4 6.9 1.4 0.5 0.2

12.9 53.5 5.8 1.2 0.3

34 Beneficiated Pittsburgh No. 8 bituminous

A beneficiated Pittsburgh No. 8 coal was also examined in this program. The fuel is a product
being studied under the DOE/PETC supported ABB/Combustion Engineering (ABB/CE) program
“Combustion Characterization of Beneficiated Coal-based fuels.” Ultimate and proximate analyses for the
specific sample being studied by PSIT and MIT under this program are compared with the ABB/CE bulk
sample and with a smaller sample examined previously at PSIT. The analyses were similar (Table 3-15),
with the high moisture level in the bulk ABB/CE sample being the major difference. Analysis of the
moisture content of the PSIT sample by PSIT using the temperatures, sample mass, atmospheric
composition, and time specified in ASTM standard procedure number D-3173 yielded a moisture content
of 2.0%. Chemical analysis of the coal ash was provided by ABB/CE and is given in Table 3-16. CCSEM
analysis was provided by UK and is discussed in Section 4 of this report.

35 Silverdale bituminous

In addition to the four US coals, a British bituminous coal was also studied. This coal, Silverdale,
was one of three coals studied in depth in a slagging program currently concluding in the UK. Participants
in the UK program included the utilities PowerGen and National Power, Imperial College, Bristol
University, British Coal, and Babcock Energy; tests ranging from bench scale to field trials were con-
ducted. The utility National Power provided a sample of Silverdale to PSIT as part of a collaborative effort
with our program. Ultimate and proximate analyses of the Silverdale coal are provided in Table 3-17. Ash
chemical analysis is provided in Table 3-18. All data were provided by Imperial College.
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Table 3-15. Ultimate and Proximate Analysis of Beneficiated Pittsburgh No. 8 Bituminous Coal

_—WM&_JL_M
Dry (1992 Dry (ABB/CE

Proximate (wt %) As-received Dry PSI sample) sample)

Moisture 2.00 - - -

Volatile Matter 36.37 37.13 39.4 35.7

Fixed Carbon 56.42 57.55 55.7 59.1

Ash 5.21 5.32 49 52
Ultimate (wt %)

C 77.22 78.83 79.9 80.6

H 5.51 5.39 53 5.0

N 1.37 1.40 1.5 14

O (ind)’ 8.98" 7.33° 6.7 6.1

S 1.71 1.74 1.7 1.8

Ash 5.21 5.32 4.9 5.1
Calculated HHV, Buw/lb 13,900 14,200 _IJ 14,400 14,450

Table 3-16. Ash Chemical Analysis of Beneficiated Pittsburgh No. 8 Bituminous Coal (wt% of ash)

Compound 1992 PSI sample ABB/CE sample
e e ]

Si0, 49.2 427
AlLO, 24.8 25.2
Fe,0, 19.0 20.8
Ca0O 24 2.8

MgO 1.2 1.0
Na,O 0.6 0.1

K, 0 1.2 1.3

TiO, 1.1 14
P,0; 05 0.4
SO, 24 2.6




Table 3-17. Ultimate and Proximate Analysis of Silverdale Bituminous Coal

Proximate (wt%) (as determined)

Moisture 1.9
Volatile matter 32.6
Fixed carbon 49.1
Ash 16.4
Ultimate (wt%) (dry basis)

C 67.8
H 4.7
N 1.6
O (difference) 58
S 34
Ash 16.7
HHYV, Btu/lb (daf) ' 14,740

Table 3-18. Ash Chemical Analysis -- Silverdale Bituminous Coal (wt% of ash)*

SiO, 44.5
AlLO, 24.5
Fe,0, 22.0
CaO 24
MgO 1.0
Na,0 0.6
K,0 2.0
TiO, 1.0
P,0q 0.2
So; 1.7
Other 0.2
*Data provided by Imperial
College.

The PSIT sample of Silverdale coal was analyzed by CCSEM at UK, and results are provided in
Section 4 of this report. Another sample of Silverdale coal, taken from the same plant sample as the PSIT
sample, was analyzed by CCSEM at Imperial College. These data are provided in Appendix B.

3.6  Additional data
3.6.1 Ash and Moisture Contents

As a quality assurance measure, the moisture and ash contents of the five program coals received
by PSIT were determined in the PSIT laboratory. In all cases, duplicate measurements were performed.
Moisture content was determined by placing a small quantity (1 to 2g) of coal in a ceramic boat, placing
the boat in a drying oven, heating the sample to 120°C, holding it at temperature for 2 hrs, allowing it to
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cool, and measuring the resulting weight loss. Ash content was subsequently determined by placing the
dried samples in a tube furnace, heating under flowing air to a temperature of 500°C and holding it at this
temperature for 30 min to allow the sample to devolatilize completely, and then heating to 900°C. The
sample was held at 900°C for 20 min to complete combustion before being cooled to room temperature.
The weight loss was then determined and used to calculate ash content. Results of the PSIT measurements
are shown in Table 3-19. In all cases, good agreement with data provided by either the coal supplier or
outside analytical laboratory was obtained.

Table 3-19. PSIT Measurements of Coal H,0O and Ash Content

PSIT Reported PSIT Reported

H,0 H,0 Ash Ash
Pittsburgh No. 8 Run of Mine 1.2 1.02 27.5 27.44
Pittsburgh No. 8 Washed 0.8 14 1.5 7.48
Pittsburgh No. 8 Cleaned 2.0 2.0 5.1 5.21
Black Thunder 23.6 243 5.0 4.49
Silverdale 2.1 19 16.3 16.5

3.6.2 Forms of Iron: Comparison of CCSEM and M&ssbauer Data

The amount of iron present in each of the major mineral phases identified by CCSEM (see
discussion in Section 4) was calculated from the weight fraction of each mineral in the coal mineral matter
and from the average weight fraction of iron within each mineral category. Raw CCSEM weight fraction
iron data were modified to include carbon and oxygen as needed prior to calculation of the total iron
content of the coal. Results for the three Pittsburgh bituminous coals are given in Tables 3-20, 3-21, and
3-22. The amount of iron present in pyrite as determined by CCSEM analysis was in good agreement with
the amount of iron detected in pyrite by Mssbauer for all three coals. Agreement for other major iron-
bearing phases was reasonable with the exception of carbonate phases, detected in much higher
concentrations for two of the coals by CCSEM.

Table 3-20. Distribution of Iron in Coal Minerals - Pittsburgh No. 8 run-of-mine (wt % of total iron in
each phase)

Mdéssbauer 75 14
CCSEM 80 6 14 0
Table 3-21. Distribution of Iron in Coal Minerals - Pittsburgh No. 8 washed (wt % of total iron in each
phase)
Mossbauer 90 7 0 3
CCSEM 72 7 2 19
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Table 3-22. Distribution of Iron in Coal Minerals - Pittsburgh No. 8 beneficiated (wt % of total iron in
each phase)

Mossbauer - as received 34 7 59 0
Maossbauer - washed 59 0 41 0
CCSEM 58 5 31 5

3.6.3 Comparison of Pittsburgh Coal Bulk Ash Compositional Analysis with CCSEM

CCSEM analysis of the Pittsburgh No. 8 coals indicated that as the ash content was reduced, there
was a substantial reduction in the quartz content relative to other minerals (Table 3-23). To verify this
finding, the ash composition on a sulfur free basis was calculated from CCSEM data and compared with
ash composition measurements (the data presented in Tables 3-9, 3-13, and 3-16). The results of this
comparison are provided in Table 3-24. Absolute values of silica were comparable. For other elements,
the level of agreement between measured ash composition and CCSEM-derived ash composition varied
greatly. This suggests that CCSEM compositional analysis may not be sufficiently sensitive to provide a
measure of the true ash composition, particularly for lighter elements such as Al, Mg, and Na. For all
coals, alumina contents measured by CCSEM at UK were low relative to the bulk ash value, suggesting
attenuation of the aluminum signal.

Table 3-23. CCSEM Mineral Composition of Pittsburgh No. 8 Coals (weight percent of mineral matter)

l [ | E——

Quartz 22 9 6
Illite 22 9 10
Kaolinite 6 4 7
Pyrite 12 27 21
Calcite 2 3. 0
Mixed carbonates 4 6 <1
Misc. Silicates 23 19 18
Other 9 23 38
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Table 3-24. Comparison of Bulk Ash Composition with CCSEM-determined Ash Composition
(weight percent oxides, sulfur-free basis)

Run-of-Mine Washed (DOE) Beneﬁciated (SCS)

Oxide Bulk Ash | CCSEM Ash | BulkAsh | CCSEM Ash | Bulk Ash CCSEM
Si 57 65 49 47 44 46
Al 24 12 26 11 26 15
Fe 1 12 16 26 22 30
Ca 3 6 5 10 3 5
Mg 2 0 2 0 1 0

Na 1 0 1 0 0 0

K 2 5 1 3 1 3

Ti 1 1 1 3 1 2

3.6.4 Overview of CCSEM Mineral Distributions for US Coals

CCSEM mineral distributions for the four US coals were plotted on ternary diagrams to provide an
indication of the spread in mineral composition for each coal. Each ternary diagram shows three elements:
Al, Si, and either K or Ca. Compositions identified by CCSEM are indicated by a point within each
ternary diagram. The relative volume of particles with an indicated composition is indicated by the height
of the associated peak. Only those particles containing at least 80 mole percent of the three indicated
elements on an oxygen and carbon free basis are shown. UK CCSEM data were used in all cases.

In Figure 3-1, K-Al-Si ternary diagrams for the four US coals are shown. Comparison of Figure
3-1(a), the run-of-mine Pittsburgh #8, Figure 3-1(b), the washed Pittsburgh No. 8, and Figure 3-1(c), the
beneficiated Pittsburgh No. 8 suggests that the K-Al-Si mineral composition range becomes narrower as
the coal is more deeply cleaned. The fraction of minerals that are non potassium containing
aluminosilicates also increases with increasing degree of coal cleaning. Caution must be exercised in
interpreting these trends, however, because the coals are related but were not derived directly from one
another. For example, the beneficiated Pittsburgh No. 8 was not derived from the washed Pittsburgh No. 8
studied in this program. Differences may therefore reflect slight differences in the parent coals.

Ternary Ca-Al-Si diagrams for the four US coals are presented in Figures 3-2(a) - (d). Figure
3-2(d), the Black Thunder sub-bituminous coal, is noticeably different than the three bituminous coals, a
consequence of the relatively high calcium content of the Black Thunder coal. .
A detailed description of CCSEM data is contained in Section 4. Summaries of CCSEM coal

mineral analyses obtained from UNDEERC/MTI and Imperial College are contained in Appendicies B
and C.
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Figure 3-1. K-Al-Si mineral tenary diagrams for the four US coals. (a) run of mine Pittsburgh No. 8,
(b) washed Pittsburgh No. 8.
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Figure 3-1. K-Al-Si mineral ternary diagrams for the four US coals. (c) beneficiated Pittsburgh No. 8,
(d) Black Thunder (continued).
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Figure 3-2. Ca-Al-Si mineral temary diagrams for the four US coals. (a) run of mine Pittsburgh -
No. 8, (b) washed Pittsburgh No. 8.
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Figure 3-2. Ca-Al-Si mineral ternary diagrams for the four US coals. (c) beneficiated Pittsburgh No. 8,
(d) Black Thunder (continued).
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4. ADVANCED TECHNIQUES FOR COAL, MINERAL AND ASH CHARACTERIZATION

The objective of this task was to apply modern, state-of-the-art, materials characterization
techniques to thoroughly characterize the mineral matter and the organically associated minerals in a
carefully chosen suite of coals, and to apply the same methods to determine the transformations and
reactions these species undergo during coal combustion. The long range goal was to obtain a better
understanding of the basic mechanisms of ash formation and slagging and fouling reactions.

The various techniques used to analyze the coals and ashes are outlined in Section 1. This section
has been divided in several parts to distinguish results from different sets of samples. Section 2 deals with
Massbauer and CCSEM results from the following four US coals: 1) Black Thunder subbituminous coal,
2) run of mine Pittsburgh No. 8 coal, 3) washed Pittsburgh No. 8 coal, and 4) beneficiated Pittsburgh No.
8 coal. Section 3 discusses Mossbauer and CCSEM results for ashes from these program coals. The
ashes/chars were produced by combusting the coals under varying residence times and stoichiometric
conditions in the PSI drop tube furnace. Section 4 deals with samples obtained from the MIT drop tube
furnace by combusting washed Pittsburgh No. 8 coal at varying oxygen partial pressure. Section 5 deals
with the ash samples obtained from University of Arizona drop tube furnace tests. Section 6 deals with the
Silverdale coal and ash from this coal (from laboratory scale drop tube furnace tests carried out at PSI) and
ash samples collected during field sampling at the PowerGen Ratcliffe station in October 1992. Section 7
discusses design of the in situ XAFS furnace and the results for samples obtained during combustion
experiments carried out using this furnace. Since the primary objective of this project was to study the
effect of reducing stoichiometry on ash formation, the samples have been obtained under varying (sub and
super) stoichiometric conditions and the results have been grouped accordingly within respective sections.

4.1 Analytical Tools

The analytical techniques applied in this task and the information they provided are summarized
below. Complete details of the sample preparation and experimental procedures for these techniques have
been reported elsewhere (Helble et al., 1992).

4.1.1 Computer-controlled Scanning Electron Microscopy (CCSEM)

For coal minerals, this method provides a determination of the approximate weight percentages of
the minerals present, as well as a size distribution of each significant mineral phase identified (Huggins et
al., 1980). For ash samples, the particles are categorized in terms of up to three major elements identified
in their energy dispersive x-ray (EDX) (Huffman et al., 1993). Size distributions are determined for the
major ash species, and software has been developed for graphical presentation of ash chemistry in binary,
ternary, and volume percentage diagrams (Shah et al., 1992).

4.1.2 Mossbauer Spectroscopy

Fe Mossbauer spectroscopy determines the iron-bearing phases that are present in coals and ashes,
and the percentages of the total iron in each phase (Huffman et al., 1978, 1990).

4.1.3 X-ray Absorption Fine Structure (XAFS) Spectroscopy.

XAFS spectroscopy can, in principle, be applied to determine the structure or forms of occurrence
of any element in coal or ash. Synchrotron generated x-ray beam is used to scan over the characteristic
K-edge energy range of the element of interest (Koningsberger et al., 1988). X-ray Absorption Near Edge
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Structure (XANES) is often used as a fingerprint to identify the formal oxidation state of the atom being
excited. Fourier transforms of the Extended X-ray Absorption Fine Structure (EXAFS) part of the XAFS
spectra yield Radial Structure Function (RSF), which is used to describe a few neighboring atomic shells
of the element of interest. In the current investigation, however, it has been used primarily to develop a
high temperature in situ XAFS furnace to investigate the transformations of iron and calcium bearing
phases during coal combustion.

42 Coal Characterization

To study the effect of reducing stoichiometry on coal combustion characteristics, four coal samples
were studied in this program:

03 Pittsburgh No. 8 bituminous coal.

(2) Pittsburgh No. 8 bitumionus coal, washed to reduce ash.

3) Beneficiated Pittsburgh No. 8 bituminous coal.

4) Black Thunder (Wyodak-Anderson Seam) subbitumious coal.

42.1 CCSEM Analysis

Standard CCSEM samples were made by mixing coal with C-4 epoxy and pressing the mixture as
a pellet. These pellets were polished and carbon coated to carry out CCSEM analysis. In the case of Black
Thunder coal, moisture in the coal caused excessive bubbles and cracks in the pellet. Therefore, this coal
was heated at 70°C for 12 hours and then it was mixed with epoxy to make a sample pellet. All coals were
analyzed at three different magnifications for 1200 mineral particles. Tables 4-1 through 4-4 show the
results from these analyses.

4.2.2 Mossbauer Analysis

Standard Mossbauer analysis was carried out on these coals to determine the distribution of the
forms of iron (Figures 4-1 through 4-4). Table 4-5 shows the results from Mossbauer analysis. Black
Thunder had only a weak pyrite quadrupole doublet in the Mossbauer spectrum. The run-of-mine and
washed Pittsburgh No. 8 showed illite, siderite and jarosite peaks. Although there is significant difference
in the ash content of these coals (washed sample has 72% less ash than run-of-mine sample), the pyrite
content is reduced by only 15%. Thus the washing treatment to reduce ash seems to remove the clay
partings of the seam while the pyrite in the coal matrix is unaffected.

We were not able to assign a specific phase to the major quadrupole doublet in the M&ssbauer
spectrum of the beneficiated Pittsburgh No. 8 coal. We suspected that the doublet is due to pyrite, but the
Mbossbauer parameters of the doublet do not match that of pyrite. Since the coal has been treated, we
suspected some oxidation of the pyrite and the quadrupole doublet could be due to FeOOH. However, a
low temperature (14K) Mdssbauer spectrum did not show any splitting of this quadrupole doublet into a
six-line magnetic spectrum. A new Mdssbauer spectrum acquired after washing the coal with cold water
showed a substantial decrease in this quadrupole doublet. From these observations, we can conclude that
this doublet could be due to a water soluble ferric sulfate phase. As shown in Figure 4-4, after washing,
we can easily differentiate the contribution to the Mdssbauer spectrum from both the insoluble jarosite and
pyrite. Using these parameters, we refit the original spectrum (before cold water wash) with pyrite, jarosite
and sulfate peaks. Weight percent pyrite in both samples (calculated using the area under the curve) also
agree well.




Table 4-1. CCSEM Analysis Results for Black Thunder Coal

CCSEM File:1113R6.cma
RUN 6 DATE 25-FEB-94 SUMMARY 132 TOTAL 1199
AVERAGE SPECIES COMPOSITION

. No. MINERAL SPECIES Na Mg Al Si P s Cl K Ca Ti Fe
Weight %
331 Quartz 0. 0. O0.99. 0. O0. 0. 0. 1. O 0 26.6
260 Kaolinite 0. 0. 47. 52 0. 0. 0. 0. 0. © 0 14.4
10 Illite 0. 0. 31. 60 0. 1. 0. 6. 1. © 1 2.4
48 Montmorillonite 0. 0. 22. 65 0. 2. ©¢6. 0. 8. 1. 0 3.9
256 Misc. Silicates 0. 0. 21. 68. 0. 3. 0. 1. 4. 2. 0 23.8
27 Pyrite 0. 0. 0. 0. 0. 67. 0. 0. ©O0. 0. 33 1.9
3 Misc. sulf. 0. 0. 0. 3. 0.55. 0. 2. 6. 9. 23 0.1
48 Misc. Phosphate *** 0. 0. 34. 0. 29. 0. 0. 0. 35. 1. 1 6.2
13 Fe-rich 0. 0. 0. 0. 0. 0. 0. 0. O 0. 99 3.0
9 Calcite 0. 0. 0. 1. 0. 0. 0. 0. 99 0. © 0.2
1 Mixed Carbonate 0. 13. 0. 0. 0. 0. 0. 0. 87. 0 0 0.0
8 Ti oxide 0. 0. 0. 0. 0. 1. 0. 0. 0.99. 0O 1.4
6 Quartz-Sulfate 0. 0. 1. 58 0. 26. 0. 0. 15. © 0 1.0
1 Sil-sulf 0. 0. 13. 32 0. 38. 0. 0. 17. © 0 0.0
2. Silicate-Pyrite 0. 0. 22. 33 0. 24. 0. O0. 0. 0. 21 0.0
135 Misc. Mixed 0. 0. 14. 54 2. 11, 0. 2. 14. 1 1 15.2
1159 GRAND TOTALS 0. 0. 18. 63 2. 4. 0. 1. 6. 2 4 100.0
*%* Crandallite
WEIGHT DISTRIBUTION
Size Ranges (Microns)
MINERAL SPECIES WT. % 0.0 2.5 5.0 10. 20. 40. 80.
2.5 5.0 10.0 20. 40. 80. 500.
Quartz 26.6 9. 13. 23. 39. 12. 4 0
Kaolinite 14.4 23. 17. 24. 21. 12. 2. 0.
Misc. Silicates 23.8 9. 11. 24. 48. 4. 5. 0.
Misc. Mixed 15.2 2. 6. 42, 47. 4. 0 0
MINOR MINERALS 20.1 11 24 24 20 6 7 9
GRAND TOTALS 100.0 10. 14, 26. 36. 8. 4. 2.




Table 4-2. CCSEM Analysis Results for Run-of-Mine Pittsburgh No. 8 Coal

CCSEM File:1120r2.cma (repolished)

RUN

No.

2 DATE 28-FEB-94 SUMMARY

MINERAL SPECIES

Weight %

209
59
262
14

290

101

10

28

41

45

17

20

51
1173

Quartz
Kaolinite
Tllite
K-Feldspar
Chlorite

Montmorillonite

Misc. Silicates
Pyrite

Ferrous Sulfate
Gypsum

Misc. sulf.
Apatite

Fe-rich

Calcite

Mixed Carbonate
Ti-rich
Quartz-Sulfate
Quartz-Pyrite
Sil-sulf
Silicate-Pyrite
Misc. Mixed
GRAND TOTALS

MINERAL SPECIES WT.

Quartz 21.
Illite 22.
Misc. Silicates 22.
Pyrite 11.
MINOR MINERALS 21.

GRAND TOTALS
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Table 4-3. CCSEM Analysis Results for Washed Pittsburgh No. 8 Coal

CCSEM File:1114r3.cma (repolishéd)

RUN 3 DATE 26-FEB-94 SUMMARY 136 TOTAL 11998
AVERAGE SPECIES COMPOSITION
No. MINERAL SPECIES Na Mg Al Si P s cl K Ca Ti Fe
Weight %
106 Quartz 0. 0. 0. 98. 0. 0. O 0 0 0. 0. 9.1
57 Kaolinite 0. 0. 45. 52. 0. 1. O 1 1 0. 0. 4.0
106 Illite 0. 0. 29. 53 0. 2. 0. 12 1 0. 2. 9.0
1 K-Feldspar 0. 0. 17. 63. 0. 0. 0. 20 0 0. 0. 0.0
9 Chlorite 0. 0. 20. 31. 0. 1. O 0 1 0. 47. 1.9
5 Montmorillonite 6. 0. 19. 61. 0. 6. O 2 4 0. 1. 0.6
207 Misc. Silicates 0. 0. 25. 64 0. 3. 0 3 2 0. 2. 19.2
.9 Elem. Sulfur 0. 0. 0. 3. 1. 84. 0 0 3 0. 5. 1.0
273 Pyrite 0. 0. 0. 0. 0. 64. 0 0 0 0. 36. 27.2
44 Misc. sulf. 0. 0. 1. 8. 0. 71. 1 1 1 2. 11. 3.7
1 Apatite 0. 0. 0. 0.26. 3. 3 0. 68 0. 0. 0.0
25 Fe-rich 0. 0. 0. O0. 0. 1. 0 0. O 0. 99. 4.7
30 Calcite 6. 3. 0. 0. 0. 0. O 0. 96 0. O. 2.8
39 Mixed Carbonate 0. 9. 0. 0. 1. 3. O 0. 78 0. 9. 6.2
6 Ti oxide 0. 0. 0. 2. 0. 0. © 0 0. 98. 0. 1.7
39 Quartz-Sulfate 0. 0. 2. 36. 0.59. 0 1 0 1. O. 1.1
2 Quartz-Pyrite 0. 0. 5. 25. 0. 45. 0 2 0 0. 23. 0.2
37 Sil-sulf 0. 0. 18. 35. 0. 38. 0 6 0 0. O. 2.5
8 Silicate-Pyrite 0. 0. 23. 31. 0. 31. O 1 1 0. 13. 0.9
66 Misc. Mixed 6. 0. 18. 35. 1. 19. 1 3. 15 2. 4. 4.1
1070 GRAND TOTALS 0. 1. 11. 33. 0. 25 0 2 9 2. 17 100.0
WEIGHT DISTRIBUTION
Size Ranges (Microns)
MINERAL SPECIES WT. % 0.0 2.5 5.0 10. 20. 40. 80.
2.5 5.0 10.0 20. 40. 80. 500.
Quartz 9.1 15. 7 35. 34. 10. 0 0
Illite 9.0 24. 0 43. 21. 1 1. 10.
Misc. Silicates 19.2 24, 12. 15. 33. 3. 5. 8.
Pyrite 27.2 10. 19. 20. 9. 27. 15. 0.
MINOR MINERALS 35.5 12. 12. 21. 35. 5 9 5.
GRAND TOTALS 100.0 15. 12. 23 26. 11 8. 4




Table 4-4. CCSEM Analysis Results for Beneficiated Pittsburgh No. 8 Coal

CCSEM File:1121r3.cma {(repolished)
RUN 3 DATE 27-FEB-94 SUMMARY 104 TOTAL 1199
AVERAGE SPECIES COMPOSITION

No. MINERAL SPECIES Na Mg Al Si P S Cl K Ca Ti Fe
Weight %
64 Quartz 0. 0. 0. 98. 0. 1. 0. 0. O 0. 0. 6.0
153 Kaolinite 0. 0. 46. 52. 0. 1. 0. 1. © 0. 0. 7.1
57 1Illite 0. 0. 26. 52, 0. 2. 0. 16. O 0. 3. 10.2
225 Misc. Silicates 0. 0. 30. 56. 0. 7. 0. 2. O 0. 4. 18.1
2 Elem. Sulfur 0. 0. 0. 9. 0. 82 0. 0. 0. 0. 9. 0.1
167 Pyrite 0. 0. 0. 0. 0. 66 0. 0. O 0. 34. 21.4
4 Ferrous Sulfate 6. 0. ©O0. 4., 0. 48. 0. 0. O 0. 47. 0.3
1 Jarosite 0. 0. O0. 6. 0. 42. 0. 10. O0. 0. 42. 0.1
89 Gypsum 0. 0. 0. 0. 0. 46 0. 0. 54 0. 0. 3.8
1 Chalcopyrite 0. 0. 0. 0. 0. 30 0. 0. O 0. 62 0.1
2 Sphalerite 0. 0. 0. 5. 0. 61. 0. 0. O 0. 13. 0.5
81 Misc. sulf. 0. 0. 2. 6. 0. 50. 0. 2. 12. 0. 286. 9.6
4 PFe-rich 0. 0. 0. O0. 0. 2. 0. 0. O 0. 97. 1.3
5 Mixed Carbonate 6. 0. 0. 5. 0. 12 0. 0. O 0. 84. 0.3
13 Quartz-Sulfate 0. 0. 7. 42. 0. 40 0. 6. 0 0. 4. 2.8
11 Quartz-Pyrite 0. 0. ©O0. 24. 0. 28. 0. 1. O 0. 43. 1.8
50 Sil-sulf 0. 0. 17. 34. 0. 38. 0. 1. © 1. 2. 3.7
44 Silicate-Pyrite 0. 0. 19. 32. 0. 29. 0. 0. O 0. 18. 5.2
70 Misc. Mixed 0. 0. 9. 18. 0. 33. 2. 2. 1 1. 30. 7.6
1045 GRAND TOTALS 0. 0. 14. 32. 0. 30. 0. 3. 3 0. 17. 100.0
WEIGHT DISTRIBUTION
Size Ranges (Microns)
MINERAL SPECIES WT. % 0.0 2.5 5.0 10. 20. 40. 80.
2.5 5.0 10.0 20. 40. 80. 500.
Kaolinite 7.1 1 7. 60. 24 8 0. 0.
Illite 10.2 3 91. 5 0 1 0. 0.
Misc. Silicates 18.1 32. 34. 26. 7. 2. 0. 0.
Pyrite 21.4 4. 23. 23. 27. 3. 20. 0.
Misc. sulf. 9.6 4 24 34 34 1 4. 0.
Misc. Mixed 7.6 19 52 12 16 0 0. 0.
MINOR MINERALS 26.0 8 35 28 21 2 6. 0.

GRAND TOTALS 100.0 11. 36. 26. 19. 2. 6. 0.
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Figure 4-1. Mossbauer spectrum of Black Thunder coal (MK No. 1699)
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Figure 4-3. Madssbauer spectrum of washed Pittsburgh No. 8 coal (MK No. 1698)

4.3 Analysis of Drop Tube Fumnace Produced Ashes of Program Coals

Ash samples of program coals were generated by PSI and PETC using drop tube furnaces under
varying residence times and oxygen partial pressures.

43,1 Modssbauer Spectroscopy Results

4.3.1.1 Effect of Changes in Residence Times

Tables 4-6 and 4-7 show Mdssbauer data for ashes produced at varying residence times. Both sets of
experiments were carried out at 15% oxygen. In general under high temperature combustion conditions
ferrous glass rapidly oxidized to ferric glass. Increasing residence times further increased the amount of
crystalline (magnetite and hematite) forms.

4.3.1.2 Effect of Changes in Stoichiometric Ratios

Since the program objective was to study the effect of reducing stoichiometric conditions, further
drop tube tests were carried out by combusting four program coals at a fixed furnace set point temperature,
(1500°C see Section 7) and fixed residence time (2.6 s). To maintain the fixed residence time the gas flow
rate (1 SCFM) and coal feed rate (3.5g/min) were kept constant while the oxygen partial pressure was varied
to change the stoichiometric ratio. Although substantial amounts of residual carbon were observed in all ash
samples (see discussion on CCSEM results), Mossbauer results indicated oxidation of pyrite to pyrrhotite
and magnetite phases occurred. Hematite phase, usually observed under higher oxidation conditions, was
missing in all samples. The wustite (FeO) phase was also observed under some conditions. Tables 4-8
through 4-11 show results from Mossbauer analysis carried out on ashes from the washed Pittsburgh No. 8,
the run-of-mine Pittsburgh No. 8, the beneficiated Pittsburgh No. 8, and the Black Thunder.
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Figure 4-4. Mossbauer spectrum of beneficiated Pittsburgh No. 8 coal before (top, MK No. 1697) and after
(bottom, MK1736) cold water wash

4-11




Table 4-5. Mossbauer Analysis of Coals

Méss ’ Wt. %
File No. Sample Phase N 1.S. QsS. % Fe Pyrite
= — — = e —————
1695 Run-of-mine Pyrite 0.33 0.60 75 0.86
Pittsburgh No. 8 Illite (Clay) 1.08 272 11
Jarosite 041 | B 14
1698 Washed Pyrite 0.31 0.61 90 0.73
Pittsburgh No. 8 Illite (Clay) 1.15 2.57 7
Siderite 1.23 1.62 3
1697 Beneficiated Pyrite 0.31 0.58 34 0.23
Pittsburgh No. 8 Illite (Clay) 1.19 2.40 7
Jarosite 0.37 1.14 22
Ferric Sulfate (?) 047 0.56 37
1736 Beneficiated Pyrite 0.35 0.60 59 0.27
Pittsburgh No. 8 Jarosite 0.39 1.12 41
H,0 washed
1699 Black Thunder Pyrite® 0.31 0.62 100 0.071

* Very weak signal (see figure 12); chemical fractionation indicated approximately 50% iron as carbonate.

Table 4-6. Mossbauer results for washed Pittsburgh No. 8 coal ash, 1500°C Furnace set point, 15% O,,
4 SCFM gas flow rate, Stoichiometric ratio=15.6

MK# | CFFLS Res. Time Phases Present LS QS HO 9%Fe

1740 1155 0.248 Fe™/Glass 033 1.15 14
Fe*/Glass 1.00 1.90 12
Magnetite 0.32 0.02 495 38
Magnetite 0.66 0.00 458 21
Magnetite 0.67 0.00 416 7
Fe, .S 0.79 0.00 305 8

1734 1156 04 Fe**/Glass 0.42 0.88 12
Hematite 0.38 -0.08 512 47
Magnetite 0.31 0.00 491 23
Magnetite 0.68 0.00 455 18

1737 1157 0.552 Fe**/Glass 0.36 0.88 11
Hematite 0.38 -0.08 515 40
Magnetite 0.31 0.00 490 27
Magnetite 0.65 0.00 456 23

1739 1158 0.718 Fe**/Glass 0.42 0.96 9
Hematite 0.40 -0.08 517 65
Magnetite 0.37 0.00 492 9
Magnetite 0.61 0.00 449 12




Table 4-7. Mossbauer results for washed Pittsburgh No. 8 coal ash, 1400°C Furnace set point, 15% O,,
1 SCFM gas flow rate, stoichiometric ratio=3.9

L MK# CFFLS Res. Time Phases Present LS. Q.S. HO %Fe

1727 1159 0.994 Fe**/Glass 0.36 1.12 17
Fe**/Glass 1.00 2.01 11
Hema.+ Mag. 0.39 0.05 501 39
Magnetite 0.67 0.00 462 20
Magnetite 0.57 0.00 415 12

1728 1160 1.601 Fe**/Glass 0.27 1.28 16
Fe™/Glass 0.98 1.82 7
Magnetite 0.33 0.00 493 49
Magnetite 0.65 0.00 455 28

1729 1161 2.208 Fe*™*/Glass 0.29 1.18 20
Fe**/Glass 0.99 1.93 9
Hema.+Mag. 0.36 -0.03 498 51
Magnetite 0.62 0.00 456 14
Magnetite 0.65 0.00 425 6

1730 1162 2.87 Fe*/Glass 0.37 1.07 18
Hematite 0.43 -0.05 522 59
Hematite 0.43 -0.04 501 13
Magnetite 0.52 0.00 460

Pittsburgh No. 8 Coal Ashes

Ashes from the three Pittsburgh No. 8 coals contained pyrrhotite at the stoichiometric ratio of 0.6.
The amount of pyrrhotite decreased and the amount of magnetite increased with the increasing stoichiometric
ratios. Similarly, the amount of the Fe** phase incorporated in the glassy matrix decreased and the
Fe*"/glass content increased with increasing stoichiometric ratios in all samples. The washed Pittsburgh No.
8 coal ashes showed presence of a wiistite (FeO) phase. Usually this phase is not observed in coal ashes,
therefore its unusual presence was verified by observing the magnetic transition effects on the Mossbauer
spectra at cryogenic temperatures. The amount of this wiistite phase (25%) did not vary with the
stoichiometric ratio.

Black Thunder Coal Ashes

The Black Thunder coal ashes also contained wiistite (FeO). However, the isomer shift values were
slightly higher for the Black Thunder coal ashes, indicating that the Fe-O distances may have been a little
higher. This suggests that Fe is present in the CaO matrix as a substitutional impurity, forming a
calciowiistite phase and giving rise to this higher Fe-O distance. Unlike the washed Pittsburgh No. 8 coal
ashes, the amount of this wiistite phase decreased slightly with increasing stoichiometric ratio. Black
Thunder coal ashes did not show any pyrrhotite. Like the Pittsburgh No. 8 coal ashes, in the Black Thunder
coal ashes the Fe™/Fe™" ratio decreased with the increasing stoichiometric ratio.
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Table 4-8. Maossbauer Results for washed Pittsburgh No. 8 Coal Ashes, 1500°C Furnace Set Point, 2.6 s

Res. Time
MKi## CFFLS Stoichiometric ratio Phases Present LS. Q.S. HO YoFe
 —————————————————— e ——

1751 1163 1.2 Fet*/Wiistite 0.88 0.95 24
Fe**/Glass 1.03 2.12 25
Fe***/Glass 0.29 0.75 9
Magnetite 0.33 0.00 491 21
Magnetite 0.67 0.00 454 15
Fe;,S 0.73 0.00 306 6

1817 1164 0.9 Fe™*/ Wiistite 0.93 0.79 25
Fe**/Glass 1.02 1.98 36
Magnetite 0.28 -0.01 492 12
Magnetite 0.68 0.00 458 17
Fe,,S 0.76 -0.08 307 10

1819 1165 0.6 Fe™™/ Wiistite 0.89 0.72 25
Fe**/Glass 0.87 1.83 21
Fe**/Glass 1.29 2.11 11
Magnetite 0.26 0.00 490 6
Magnetite 0.83 0.00 450 7
Fe;,S 0.75 -0.08 307 30

Table 4-9. Run-of-mine Pittsburgh No. 8 Coal, 1500°C Furnace Set Point, 2.6 s Res. Time

MK# CFFLS Stoichiometric Ratio Phases Present I.S. Q.S. HO %Fe
—_—
1754 1166 1.2 Fe™*/Glass 1.07 1.94 58
Fe***/Glass 042 1.34 20
Magnetite 0.34 0.00 488 8
Magnetite 0.68 0.00 451 14
1755 1167 0.9 Fe**/Glass 1.10 221 28
Fe**/Glass 1.06 1.58 23
Fe***/Glass 0.59 1.25 19
Magnetite 0.51 0.00 459 23
Fe,,S 0.71 0.00 305 8
1818 1168 0.6 Fe**/Glass 1.01 2.10 62
Fe**/Glass 1.01 1.17 19
Fe,.,S 0.74 -0.08 | 306 19




Table 4-10. Mé&ssbauer Results for Beneficiated Pittsburgh No. 8 Coal Ashes, 1500°C Furnace Set Point,
2.6 s Res. Time

MK# CFFLS Stoichiometric Ratio Phases Present LS. Q.S. HO %Fe
m _—
1759 1169 1.2 Fe™/Glass 1.03 1.96 41
Fe**/Glass 0.37 1.01 44
Magnetite 0.28 0.00 486 9
Magnetite 0.75 0.00 454 6
1764 1170 0.9 Fe**/Glass 1.07 2.10 48
Fe**/Glass 0.94 1.29 16
Fe**/Glass 0.36 0.98 21
Magnetite 0.30 0.00 488 3
Magnetite 0.77 0.00 442 8
Fe,,S 0.80 -0.08 306 4
1765 1171 0.6 Fe**/Glass 1.07 2.22 36
Fe*/Glass 1.02 1.47 46
Fe, S 0.77 -0.08 305 13
Fe,,S 0.73 0.14 257 5

Table 4-11 Mdssbauer Results for Black Thunder Coal Ashes, 1500°C Furnace set point, 2.6 s Res. Time

MK# CFFLS Stoichiometric Ratio Phases Present LS. Q.. HO %Fe
1792 1172 1.2 Fe™/Glass 0.69 2.61 7
Fe***/Glass 0.27 1.22 80
Fe"/Wiistite 1.00 0.61 13
1793 1173 0.9 Fe™/Glass 0.69 2.48 11
Fe™*/Glass 0.35 1.11 68
Fe**/ Wiistite 1.01 0.71 17
Fe, S 0.22 0.13 287 4
1766 1174 0.6 Fe™/Glass 0.73 2.32 24
Fe***/Glass 0.48 0.96 54
Fe™/Wiistite 1.01 0.81 22

4.3.1.3 PETC Pilot Scale Combustor Generated Fly Ash Samples of Washed Pittsburgh No. 8 Coal

Table 4-12 shows the Mossbauer results for the washed Pittsburgh No. 8 coal and fly ash samples
from its combustion in the PETC pilot scale combustor using low NO, burner conditions. It appears that the
transformation of the iron phases is complete at 1.7 s residence time, as there are no further changes in the
forms of Fe after that. This coal was also combusted at PST under varying residence time and stoichiometric
conditions.
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Table 4-12. M&ssbauer Spectroscopy Results for Washed Pittsburgh No. 8 Coal and Fly Ash Samples from

its Combustion in the PETC Pilot Scale Combustor Using Low No, Burner Conditions

CFFLS/
MK# Sample Phases LS. Q.S. Hfs %Fe
% —_—
95-043 Washed Pyrite 0.30 0.61 88
2009 Pitt No. 8 coal Illite (Clay) 1.23 2.74 6
Jarosite 0.38 1.04 6
95-044 No. 25, ash Fe™*/Glass 0.83 1.94 20
2008 0.9 sec Fe™*/Glass 0.56 0.71 11
Magnetite 0.28 0 490 25
Magnetite 0.67 0 458 37
Magnetite 0.37 -0.09 515 7
95-045 No. 26, ash Fe™/Glass 0.77 2.36 5
2005 1.7 sec Fe™*/Glass 0.37 0.96 22
o-Fe,0, 0.37 -0.09 515 27
Magnetite 0.64 0 456 20
Magnetite 0.29 0 491 26
95-046 No. 27, ash Fe™/Glass 0.90 1.71 2
2006 2.6 sec Fe**/Glass 0.28 1.16 19
a-Fe,0, 0.36 -0.08 514 31
Magnetite 0.27 0 - 489 22
Magnetite 0.62 0 457 26

43.2 CCSEM Results
CCSEM Sample Preparation

As described in several of the references, Helble et al., (1992), Huggins et al., (1989), Huffman et
al,, (1993), Shah et al., (1992), CCSEM ash samples are usually prepared by dispersing a small amount of
ash in acetone and depositing it onto a nucleopore filter paper such that particles do not overlap or touch
each other. When we analyzed ash samples prepared in this manner with CCSEM, we encountered several
problems: (1) CCSEM was rejecting particles due to low x-ray count rate, (2) most of the ash particles
showed a similar composition which was similar to the bulk composition as misc.silicates and (3) particle
sizes were quite large. From these results, we suspected that instead of examining each ash particle
separately, we were looking at char aggregates comprising of residual carbon and partially transformed
minerals. SEM micrographs (Figure 4-5) of a polished cross section of the char matrix confirms incomplete
burn out. To avoid analyzing a single char particle with multiple ash particles within, we decided to try an
alternate sample preparation technique. Chars were diluted with graphite so that total carbon content was 80
to 90 wt%. The chars were mixed with C-4 epoxy (approximately equal weights) and pressed into pellets.
These pellets were cross sectioned, polished and carbon coated before CCSEM analysis. The data reduction
program was also modified to account for cross sectional size parameters rather than overall sizes.

Dilution of the sample with graphite separated out char particles from each other, but we noticed
ash/mineral particles within a single char particles clustered together and CCSEM methodology encountered
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problems analyzing such clusters. As a coal particle burns, the char matrix between minerals is eroded away
and as the molten mesophase shrinks or forms cenospheres it drags the mineral particles with it. At the
completion of the combustion process, these minerals will either react with each other, forming a large ash
particle, or the char matrix between them will fragment giving rise to several small ash particles. Because of
the incomplete combustion in the present samples, the mineral particles do not undergo complete transforma-
tion and generate rather inhomogenous fused minerals/ash still held together by char matrix. During
CCSEM analysis, especially at higher magnifications, a single large char particle can fill the entire field of
view. If this particle has many small mineral/ash particles it can bias the analysis. Just like frambroidal
pyrite in coal mineral analysis, such char particles have to be avoided during CCSEM analysis to get
statistically reliable information.

Because of the above mentioned difficulties, all the results presented here should be considered
qualitative in nature. To get more accurate quantitative information, it would be necessary to burnout the
char particles or crush the char to liberate individual minerals. Tables 4-13 through 4-24 show the CCSEM
analysis of the run-of-mine Pittsburgh No. 8, washed Pittsburgh No. 8, beneficiated Pittsburgh No. 8 and the
Black Thunder coal chars. The combustion conditions were: 1500°C furnace set point, 2.6 s residence time
and stoichiometric ratios of 0.6, 0.9 and 1.2.

Pittsburgh No. 8 Chars

In all samples, the amount of Si (quartz) did not vary with stoichiometric ratios implying that quartz
is quite inert under these conditions. The beneficiated Pittsburgh No. 8 coal ashes showed large iron-clay
mineral-mineral interaction during combustion to form an Fe-Si-Al phase. The ASTM ash analysis of these
coals showed that the beneficiated Pittsburgh No. 8 coal had higher Fe,0, (20.8%) than either the run-of-
mine (10.52%) or washed (14.76%) Pittsburgh No. 8 coals. Moreover, Mssbauer spectroscopy of these
coals showed considerable pre-oxidation of the Fe phase (in form of jarosite and ferric sulfate formation) in
the beneficiated Pittsburgh No. 8 coal which may have lead to this observed reactivity of iron phase. Though
run-of-mine Pittsburgh No. 8 coal had a considerably higher ash content, primarily in the forms of quartz and

clays, there were no significant differences in the reaction products (compared to other the Pittsburgh No. 8
coals) after combustion.

Figure 4-6 shows K-Si-Al volume frequency ternary diagrams of the ashes generated (SR=1.2) from
the three Pittsburgh No. 8 coals (top: washed; middle: run-of-mine; bottom: beneficiated). It clearly shows
that the illite phase in all three coals is same and it does not undergo any transformation. Our previous

XAFS investigations (Huffman et al., 1990), had also shown that during combustion, illite tends to remain
inert.

Figure 4-7, shows Fe-Si-Al volume frequency ternary diagrams for the same ashes as in Figure 4-6.
The effect of cleaning on the chemical composition of ashes is quite evident. The CCSEM results are in
agreement with the Mdssbauer results. The run-of-mine coal has majority of the Fe-Si-Al phase locked up in
illite phase which does not undergo any further changes. A peak at Fe apex is due to hematite formation
from pyrite oxidation. The washed coal had lower amounts of aluminosilicates. Thus the washing primarily
removed the illite phase. The remaining finer pyrite and pyrite oxidation products are more reactive and we
see more interarction between Fe and aluminosilicates. The beneficiated coal showed absence of major
peaks at any of the apexes or at AL:Si=1:1 point. As the Mossbauer spectrum of the coal had shown, a lot of -
pyrite in the original coal had undergone oxidation forming jarosite and FeOOH phases. These fine particles
are quite reactive and form aluminosilicate ash particles with varying Fe content.
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Table 4-13. CCSEM Analysis of Washed Pittsburgh No. 8 Coal Ash, 1500 °C Furnace Set Point, 2.6 s Res. Time,
Stoichiometric Ratio=1.2

SAMPLE 1163 PSI ASH IN EPOXY, Pitt. No. 8 (DOE), 1500C, 2.6 RST, SR=1.2

AVERAGE SPECIES COMPOSITION

No. SPECIES (o4 O Na Mg Al si P s ¢l K Ca Ti V Cr ¥n Fe Ni Cu ZIn X Vol %
57 Fe - - 0 0. 0. O 0. 2 0. 1 0. 0 1 0 0. 0. 0.96. 0. 0. 0. O. 1.7
57 ¢Ca - - 0. 0. 0. 1. 0. 1. 0. 1. 0. 0.97. 0. 0. O0. O 0 0. 0. 0. O. 2.0
151 si - - . 0. 0. 0. 1.93. 0. 0. 0. 2. 1. 0. 0. 0. O 2 0. 0. 0. O 12.2
107 si al - 0. 0. 0. O.36.56. 0. 1. 0. 4. 1. 1. 0. O0. ©0. 2. 0. 0. 0. 0. 12.2
19 Al si - 0. 0. 0. O. 50.46. 0. ©0. 0. 3. 0. 0. 0. 0. 0. 0. 0. 0. 0. oO. 1.3
15 si Al Ti 6. 0. 0. 0.27.580. 0. 2. 0. 5. 3. 9. 0. 0. 0. 4. 0. 0. 0. oO. 1.3
38 Si Fe Al ¢. 0. 0. O0. 16. 43. 0. 1. 0. 5. 6. 2. 0. 0. 0. 28. 0. 0. 0. O. 2.6
167 si Al Fe 0. 0. O0. 0. 28.49. 0. 1. 0. 6. 4. 1. 0. 0. 0. 11. 0 0 0. 0. 16.6
21 Fe Si Al ¢. 0. 0. O0.12.28. 0. 0. O. 1. 4. 3. 0. 0. 0.51. O 0 0. 0. 1.9
30 Ssi ca al ¢. 0. 0. O0. 17. 44. 0. 2. O0. 3. 24. 2. 0. 0. 0. 9. 0. 0. 0. 0. 1.9
25 Ca Si Al g. 0. 0. O0.17.29. 1. 1. 0. 2.46. 0. 0. 0. 0. 4. 0. 0. 0. O. 1.9
110 si Al Ca g. 0. 0. O0. 28. 46. 0. 1. 0. 4, 13. 2. 0. 0. 0. 6. 0. 0. 0. 0. 12.8
7 8i Ca Fe ¢. 0. 0. ©0. 7.62. 0. 0. 0. 5.15. 0. 0. 0. 0.11. 0. 0. 0. O. 0.5
6 Sial Na 0. 0. 8. 0. 27.58. 0. 0. 0. 5. 0. 0. 0. 0. O0. 1. 0. 0. 0. 0. 0.6
195 si a1 K g. 0. ©0. 0. 29.57. 0. 1. ©O. 8. 1. 0. 0. O. 0. 4. 0. 0. 0. 0. 22.3
30 sials 0. 0. 0. ©0.29.47. 0. 13. 0. 5. 2. 2. 0. 0. 0. 2. 0. 0. 0. 0. 1.1
12 's si al 6. 0. 0. O0. 16. 27. 0. 46. 1. 3. 5. 2. 0. 0. 0. 0. 1. 0. 0. O. 0.6
10 sis a1l 6. 0. 0. 0. 15. 49. 0. 20. O0. 8., 1. 0. 0. 1. 0. 5. 0. 0. 0. oO. 1.0
4 Fe Si S ¢g. 0. 0. O©0. 2.18. 0. 8. 0. 0. 4. 1. 0. 0. 0. 66. 0. 0. 0. O. 0.6
1 § S8iZn ¢. 0. O0. 0. 11.29. O0.35. 0. 0. ©O0.12. 0. 0. 0. 0. 0. 0. 12. oO. 0.6
119 ALY, CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 4.2

1181 TOTALS - ¢g. 0. 0. 0. 23.52. 0. 2. 0. 5. 7. 1. 0. 0. O0. 9. 0. 0. 0. 0. 100.0

Volume DISTRIBUTION

SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.

si - - 12.2 10. 60. 14. 12. 3. 1. 0.

Si a1 - 12.2 17. 62. 11. 8. 1. 0. 0.

Si Al Fe 16.6 27. 59. 5. 8. 2. 0. 0.

Si Al K 22.3 17. 65. 12. 5. 1. 0. 0.

Si Al Ca 12.8 12. 69. 9. g. 1. 0. 0.

OTHERS - 23.9 13. 38. 19. 19. €. 3. 2.
tomaLs - 100.0 6. s 2. 1. s L 0.




Table 4-14. CCSEM Analysis of Washed Pittsburgh No. 8 Coal Ash, 1500 °C Furnace Set Point, 2.6 s Res. time,
stoichiometric ratio=0.9

AVERAGE SPECIES COMPOSITION

No. SPECIES C O Na Mg Al §i P s Cl K Ca Ti V Cr Mn Fe Ni Cu 2n X
Vol & mmmcmm s e e e o
------- 147 si - - 0. 0. 0. 0. 1.97. 0. 1. 0. 1. 0. 0. 0. 0. 0. 0. 0. 0. O
0. 11.9
76 Fe - - 6. 0. 0. 0. 0. 21, 0. 3. 0. 0. 0. 0. O. 0. O0.96. 0. 0. 0. O. 4.3
40 Ca - - 6. 0. 0. 0. O. 1. 0. 1. 0. 0.97. 0. 0. 0. 0. 1. 0. 0. 0. O. 2.6
79 Fe S - 6. 6. 0. 0. O0. O0. O0.28. 0. 0. 0. 0. 0. 0. O0.71. 0. 0. 0. O. 4.4
121 si Al - o. 0. 0. 0.35.58, 0. 1. 0. 3. 1. 1. ©O0. 0. O0. 1. 0. 0. 0. 0. 14.2
28 Al si - 0. 0. 0. O.53.46. 0. 0. 0. 1. 0. 0. 0. 0. O0. 0. 0. 0. 0. O. 1.2
5 Ca Mg - 0. 0. ©0.21. 0. 0. 0. 2. 0. O0.75., 0. 0. 0. 0. 2. O0. 0. 0. O. 1.0
3 sica - 6. 0. 0. 0. O0.8. 0. 0. 0. 2,11. 0. 0. 0. 0. 0. O0. 0. 0. oO. 0.5
14 si Al Ti 6. 0. 0. ©0.23.56. 0. 0. 0. 5. 3. 9. 0. 0. 0. 4. 0. 0. 0. oO. 1.1
28 - Fe 8i Al 6. 0. 0. ©0.15.30. 0. 1. o0. 1. 5. 0. O©0. 0. O. 47. 0. 0. 0. O. 2.1
17 8i Fe Al 0. 0. 0. 0. 16. 48. 0. 0. 0. 6. 4. 1, 0. O. 0. 26. 0. 0. 0. O. 0.8
85 Si Al Fe 0. 0. 0. O0.28.49. 0. 1. 0. 5. 3. 2., 0. 0. 0.121. 0. 0. 0. O 7.8
31 si ca Al 0. 0. 0. 0. 19.45. 0. 1. 0. 3. 24. 1. 0. 0. 0. 6. 0. 0. 0. 0. 2.8
18 Ca si al 0. 0. O0. 0. 14. 30. 0. 1. 0. 0. 50. 1. 0. 0. O 5. 0. 0. © 0. 1.8
57 8&i Al Ca 0. 0. 0. 0. 30.47. 0. 1. 0. 4.13. 1. 0. 0. 0. 4. 0. 0. 0. O. 9.1
2 Ca Al si 0. 0. 0. 0, 12.10. 0. O0. 0. 0. 74. 0. 0. 0. 0. 3. 0. 0. 0. 0. 0.5
191 si Al K 0. ©¢. 0. ©0.32.583. 0. 1. 0. 9. 2, 1. 0. O. 0. 3. 0. 0. 0. 0. 20.7
4 Ca Si Fe 0. 0. 0. 0. 6.23. 4. 3. 0. 2.48. 1. 0. 0. 0.13. 0. 0. 0. O. 0.7
4 Si Al Na 0. 0. 8. 0. 40. 45. 0. 0. 0. 1. 0. 0. O0. 0. 0. 6. 0. 0. 0. O. 0.5
3 Fe 8i s 0. 0. 0. 0. 5.17. 1. 9. 0. 0. 3. 3. 0. 2. 1.59. 0. 0. O0. oO. 0.5
70 si Al s 0. 0. 0. 0.30.52. 0.10. 0. 3. 2. 1. 0. 0. 0. 2. 0. 0. 0. O. 3.9
19 si s Al ¢. 0. 0. 0. 17. 44. 0. 26. 0. 7. 1. 3. 0. 0. ©0. 2. 0. 0. 1. 0. 1.1
6 Cas si 6. 0. 0. 0. 2. 7. 0.17. 0. 1. 7. 0. O. O. 0. 2. 0. 0. 0. O. 0.9
134 ALL CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 5.4
1182 TOTALS - 0. 0. 0. 0. 21.48. 0. 4. 0. 4.10. 1, 0. 0. 0.12. 0. 0. Q. 0. 100.0

Volume DISTRIBUTION

SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.
sio- o 1.9 2. 2. 28. 3. 6. o. o.

Fe - - 4.3 16. 15. 48 16 1. 0.

Fe S - 4.4 7 29 13 35 16 0. 0.

si Al - 14.2 14. 33. 33. 18. 1 0. 0.

Si Al K 20.7 16. 39. 28. 16. 2 0. 0.

Si Al Ca 9.1 11. 67. 16. 6. 0. 0. 0.

Si Al Fe 7.8 26. 39. 22. 11. 3 0. 0. '
OTHERS ~ 27.6 27. 23. 23, 21. 6 0. 0.

TOTALS - 100.0 18. 33. 25. 20. 4. 0. 0.




Table 4-15. CCSEM Analysis of Washed Pittsburgh No. 8 Coal Ash, 1500°C Fﬁmace Set Point, 2.6 s Res. Time,
Stoichiometric Ratio=0.6

SAMPLE 1165 PSI ASH IN EPOXY, Pitt. No.

AVERAGE SPECIES COMPOSITION

8

1500C," 2.6 RST,

401
31

211
48
24

31

59
15

1193

Ssi
Fe
Fe

s5i
Si

si
Si
si
Fe
Si
si
Ca
Si
Ca
Ssi
Ca

Si

ALL CATEGORIES WITH VOLUME

Al

5i

]

al
X

Fe
al
Fe
5i
Ca
al
Si
Fe
Ssi
Ca
5i

al

al

Fe
Al
Al

Al
Ca
al

Ca

Fe
Fe

Ti

TOTALS -

Volume DISTRIBUTION

SPEC

IES

O Na Mg
0. 0. 0.
0. 0. 1.
0. 0. o0.
0. 0. O.
0. 0. 0.
0. 0. 0.
0. 0. 0
0. 0. 0.
0. 0. 0.
0. 0. 0
6. 0. O
0. 0. 0
0. 0. 0
0. 0. O
6. 0. 0.
0. 0. O.
0. 0. 4.
. 0. 0.
0. 0. 7.
0. 0. ©

. 24.

11.

. 21,
. 16.
.12,

. 15,
. 22,

10.

.17,

55.
65.

60.

50.
48.
29.

46.
49.
26.

. 43,
. 32.

43.
27.

50.

(DOE) ,

P S

0. oO.
0. 1.
0. 1.
0. o0.
0. 0.
0. 30.
0. 0.
0. 0.
0. 0.
g. o.
0. 0.
0. oO.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.

% LESS THAN 1.0

cl K Ca
0. 4. 1.
0. 0. 93.
0 0. 0
0. 4. 0
0. 1 i.
0 0. 0
0. 11. 3.
0. 14. 2.
0. 12. 5.
0. 9. 5.
0. 8. 6.
0. 5 4.
0. 6. 24.
0. 7. 13.
0. 0. 59.
0. 9. 11.
0. 1. 47.
0. 5. 25.
0. 0. 61.
0. 9. 7.

COMBINED IN ONE

Cu 2Zn
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. O.
0. 0.
0. O.
0. 0.
0. O.
0. O.
0. O.
0. 0.
0. 0.
0. O.
0. 0.
0. O.
0. 0.

si

Si

si

Al K

Al Fe

Al Ca

OTHERS -

16.3

11.

20.

17.

17.

27.

25.

16.

SR=0.6

Ti V Cr Mn
0. 0. 0. O.
0. 0. 0. O.
¢. 0. 0. O.
0. 0. 0. 0.
0. 0. 0. 0.
0. 0. 0. 0.
1. 0. 0. O.
1. 0. 0. 0.
1. 0. 0. 0.
2. 0. 0. 0.
1. 0. 0. 0.
i. 0. 0. O.
0. 0. 0. O.
0. 0. 0. 0.
1. 0. 0. 0.
2, 0. 0. O
1. 0. 0. O.
1. 0. 0. 0.
0. 0. 0. O.
12. 0. 0. O.
2. 0. 0. O.
0.- 40. 40.- 80.
12 8.
10. 1.
17 6.
19 6.
24. 13.

Fe Ni
2. 0.
0. 0.

7. 0
1 0.

82. 0.

70. O.
6 0.
7 0.

13. O.

12. 0.

22. 0.

49. 0.
9. 0.
8. 0
4. 0

. 26. 0.

1. O©.

14. 0.
S. 0
5. 0

1. O

80.~-500.

3.
0.
3.
0.
0.

X Vol %
0. 18.4
0. 1.2
0. 2.1
0. 0.8
0. 0.8
0 0.8
0. 35.5
0. 3.0
0 0.7
0. 16.3
0. 3.2
0. 1.7
0. 2.4
0. 4.6
0. 1.5
0. 0.8
0. 0.7
0. 0.8
0. 0.5
0 0.7
3.4
0. 100.0



Table 4-16. CCSEM Analysis of Run-of-Mine Pittsburgh No. 8 Coal Ash, 1500°C Furnace Set Point, 2.6 s Res.
Time, stoichiometric ratio=1.2

SAMPLE 1166 PSI ASH IN EPOX Pitt. No. 8 (Kaiser Parent) 1500C 2.6 RST SR=1.2

AVERAGE SPECIES COMPOSITION

No. SPECIES C O Na Mg Al si P 8 €1 K Ca T4 V Cr Mn Fe Ni Cu 2n X Vol %
6l Fe - - 0. 0. 0 0 0 1. 0. 1 0. © 0. 0 0 2 0. 95 1 0. 0. 0. 2.6
23 ca - - 6. 0. 0. 0. 0. 1. 0. 2. 0. 0, 95. 0. O, 0. 0. 1, 0. O. O. oO. 1.0
183 si - - 0. ¢6. 0. 0. 1. 97. 0. 1. 0. 1. 0. 0. 0. 0. O. 0. O0. 0. 0. 0. 21.1
161 Si Al - 0. 0. ©O0. 0. 38.55. 0. 1. 0. 4. 1. 0. 0. 0. © 1. 0. 0. 0. 0. 14.1
149 Fe S - 0. 0. 0. 0. 0. 0. 0.29. 0. 0. 0. 0. 0. 0. 0.70. O 0. 0. O. 8.6
21 caPp - 0. 0. 0. 0. 0. O0.25. 0. 0. O0.75. 0. 0. 0. O 0 0. 0. 0. 0. 0.5
19 Ca s - 0. 0. 0. 0. 0. O0. O0.30. 0. O.68. 0. 0. 0. O 1 0. 0. 0. 0. 2.4
4 sica - 0. 0. 0. ©0. 0.8 0. 0. 0. O0.111. 0. 0. O0. 0. 0. 0. 0. 0. O. 0.5
2 Ca si - 0. 0. 0. 0. ©0.23. 0. 0. 0. O0.76. 0. 0. 0. 0. 2. 0. 0. 0. oO. 1.2
7 Ca Si Fe 6. 0. 0. 0. 12.28. 0. 0. O. 2. 45. 0. 0. 0. 0. 13. 0. 0. 0. o. 1.5
43 Si Al Ca 0. 0. O0. 0. 30.46. 0. 1. O, 3.12. 2. 0. 0. 0. 5. 0. 0. O. oO. 1.7
19 Ca si Al 0. 0. 0. 0. 11.29%. 0. 1. 0. 1. 81. 0. oO0. O. O. 7. O. O. 0. O. 1.6
224 si Al K 0. 0. ©O0. O0.2%.60. 0. 1. 0. 8. 0. 1. O0. 0. 0. 1. O0. O, O. 0. 22.7
i1 Ssi K Al 6. 0. 0., 0. 17. 60. O0. 0. O0.17. 1. 0. 0. O0. 0. 5. 0. 0. O. 0. 0.8
47 Si Al Fe ¢. 0. oO0. 0.2%.50. 0. 1. 0. 5. 4. 1. 0. O0. O0. 9. 0. 0. 0. O. 6.9
8 Si Fe Al . 0. 0. 0. 12.63. 0. 0. 0. 6. 0. 3. 0. 0. O0.16. 0. 0. 0. O. 0.8
6 Fe Si Al 0. 0. O, 0.21.33. 0. 1. O0. 1. 2. 0. 0. O0. 0. 42. 0. 0. 0. O. 0.5
8 Ca S Fe 0. 0. ©O0. 3. 0. 0. ©0.22. 0. 0.60. 0. 0. 0. O0.14. 0. 0. 0. 0. 1.1
8 PFe S Si ¢.. 0. 0. O. 6.15. 0. 28. 0. O0. 1. 1. O0. 1. O. 48, O. O0. 0. O. 1.1
74 si Al s 0. 0. 0. O. 30. 45. 0. 14. 0. 3. 1. 1. 0. 0. O0. 1. 0. 0. 0. 0. 3.6
17 si s Al 6. 0. 0. 0. 20. 40. 0. 27. 1. 2. 2., 3. 0. 0. 1. 3. 0. 1. 1. oO. 0.7
3 CaP Si 6. 0. 0. 0. 3. 6.17. 0. 0. 0.73. 0. 0. 0. O0. O0. 0. 0. 0. 0. 0.6
74 ALL CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 3.9
1172 TOTALS - 0. 0. o0. 0. 17.52. 0. 6. 0. 3. 8. 1. 0. 0. O0.12. 0. 0. ©0. 0. 100.0

Volume DISTRIBUTION

SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.
oo - a1 e 2. . 2a. 3 0 0.

Fe § - 8.6 2 4. 19 26 25 24 0

Sial - 14.1 21. 34, 34. 9. 2. 0. 0.

Si Al K 22.7 16. 56. 19. 1. 5. 3. 0.

Si Al Fe 6.9 i0. 68. 13. 7. _ 2. 0. 0.

OTHERS - 26.6 16. 15 28 14. 310 10 9
Totats - 0.0 5. 32, 26. B, . 5. 2.
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Table 4-17. CCSEM Analysis of Run-of-Mine Pittsburgh No. 8 Coal Ash, 1500 °C Fumnace Set Point, 2.6 s Res.
Time, Stoichiometric Ratio=0.9

SAMPLE 1167 PST ASH IN EPOXY, Pitt. No. 8 (Kaiser, parent), 1500C, 2.6 RST, SR=0.9

AVERAGE SPECIES COMPOSITION

O Na Mg
0. 0. oO.
0. 0. oO.
0. 0. O.
0. 0. O.
0. 0. O.
c. 0. O.
0. 0. O.
0. 0. O
6. 0. ©O.
0. 0. O.
0. 0. 0.
. 0. 9.
6. 0. O.
0. 0. O.
0. 0. O
0. 0. 0.
0. 0. 2.
0. 0. O
0. 0. 0.
0. 9. 0.

Al si P
2. 92. 0

1 4. 2

3. 24. 0

2. 75. 0.
39. 57. 0.
52. 46. 0
17. 44. 0.

. 23. 49. 0.
10. 29. ©O.
24, 55. 0.
10. 68. O.
i. 13. o©.
10. 43. ©.
22. 48. 0.

. 15. 47. 0.
8. 27. 0.

6. 37. 0.

. 15. 50. 0.
25. 49. 0.
21. 60. 0.

% LESS THAN

cl K
0 4.
0. 0.
0. 0.
0. 2.
0. 2.
0. 2.
0. 8.
0 8.
0 2.
0. 11.
0. 14.
0 0.
0. 12.
0. 7.
0. 2.
0 0.
0. 5.
0. 9.
1. 5.
0. 5.

V Cr Mn Fe Ni

. 24.

12.
53.

0.2-2.5 2.5-5.0 5.0-10.

. 20.- 40. 40.- 80. 80.-500.

Cu Zn
8. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 0.
0. 1.
0. 0.
0. O.

27.

28.

31.

No. SPECIES (4
177 si - - 0.
14 ca - - G.
10 Ca Si - 0.
4 SiCa - 0.
31 siaAar - 0.
4 Al si - 0.
65 Si Fe Al 0.
2i1 Si Al Fe 0.
20 Fe Si Al 0.
406 Si Al K 0.
26 Si K al 0.
3 Ca Si Mg 0.
4 Si Fe K 0.
55 Si Al Ca 0.
49 Si Ca Al 0.
8 Ca Si Al 0.
i3 Si Ca Fe 0.
6 Si Al Ti 0.
14 Si Al S 0.
2 Si Al Na 0.
67
1189 TOTALS - 0.
Volume DISTRIBUTION
SPECIES Volume %
si - - 17.0
Si Al Fe 14.3
Si Al K 39.0
Si al Ca 5.0
OTHERS - 24.7
TOTALS - 100.0

4-23

X Vol %
0 i7.0
0 1.9
0. 0.6
0. 0.6
0. 2.8
0. 1.1
0. 3.9
0. 14.3
0. 1.1
] 39.0
0 1.1
0 0.5
o] 0.7
0. 5.0
0. 3.5
0. 0.9
0. 1.0
0. 0.9
0. 0.8
0. 0.7
2.7
0. 100.0



.

Table 4-18. CCSEM Analysis of Run-of-Mine Pittsburgh No. 8 Coal Ash, 1500 °C Furnace Set Point, 2.6 s Res.
Time, Stoichiometric Ratio=0.6

SAMPLE 1168 PSI ASH IN EPOXY, Pitt. No. * (Kaiser, parent), 1500C, 2.6 RST, SR=0.6

AVERAGE SPECIES COMPOSITION

No. SPECIES o O Na Mg Al si P S €1 K ca Ti V Cr Mn Fe Ni Cu 2Zn X Vol %
205 si ~ - 0. 0. 0. O 1. 94 0 0. 0. 3 1 0 0 6. 0. 1. © 0 0. 0. 16.9
16 Ca - - 0. 0. 0. 0. O 1. 0 1. 0. 0. 98 o] 0. 0. 0 0. 0. O 0 0. 1.4
6 Ca Si - 0. 0. 0. O 1. 24. 0. O 0. 0. 75 0 0 0 0 0 0 0 0. 0 1.0
24 Fe S - 6. 0. 0. 0. ©0. 0. ©0.31. 0. 0. 0. O0. 0. O. 0. 69. 0. ©0. 0. O. 2.5
19 si a1l - 0. 0. o0. 0. 31.60. 0. 2. 0. 4. 1. 0. 0. 0. 0. 2. 0. 0. 0. oO. 1.6
4 Fe Si - . 0. 0. 0. O0.29. 0. 1. 0. 2. 3. 0. O. O. O0. 65. 0. 0. 0. O. 0.6
390 si Al K 0. 0. 0. 0. 26.56. 0. 0. 0,11, 1. 2. 0. 0. 0. 5. 0. 0. 0. 0. 35.9
26 Si K Al 0. 0. 0. 0. 11. 65. ©0. 1. 0. 14. 1. 1. 0. O. 0. 7. 0. 0. 0. 0. 1.9
166 Si Al Fe 0. 0. 0. 0.23.50. 0. 1. 0. 9. 4. 1. 0. 0. 0. 12. 0. 0. O0. 0. 12.0
48 Si Fe Al 0. 0. 0. 0. 17. 44. 0. 0. ©O0. 7. 4. 1. 0. 0. 0.25. 0. 0. 0. oO. 3.1
16 Fe Si Al 6. 0. 0. 0. 14. 28. 0. 1. 0. 3. 4. 1. 0. 0. 0. 49. 0. 0. 0. O. 1.7
38 8i ca Al 0. 0. 0. 0. 16. 48. 0. 0. O. 4. 24. 0. 0. 0. 0. 7. 0. 0. 0. O. 2.9
53 Si Al Ca 0. 0. 0. 0.22, 49, 0. 1. 0. 6. 14. 1. 0. 0. 0. 7. 0. 0. 0. O. 3.5
20 Ca si Al 0. 0. 0. 1. 14.33. 1. 0. 0. 2., 43. 1, 0. 0. 0. 5. 0. 0. 0. O. 1.9
5 Fes Ssi 0. 0. 0. 0. 1. 8. O0.32. 0. 0. 2. 0. 0. 0. 0.56. 0. 0. 0. O. 0.6
15 sSi s Al 0. 0. 0. 0.13,51. 0.22, 1. 5. 2. 3. 0. 0. 0. 3. 0. 0. 0. O. 1.5
7 8i Fe K 0. 0. 0 0. 9.61. 0. 0. O0.12. 2., 1. 0. O. 0. 14. 0. O0. ©0. O. 0.6
10 Si Ca Fe 0. 0. 0. 0. 7.51. 0. 0. 0. 2.29. 0. 0. 0. 0. 10. 0. 0. O Q. 0.6
7 8i Fe Ca 0. 0. 0. O0. 7. 48. 0. 0. 0. 6.12. 1. 0. O. 0. 27. 0. 0. 0. O. 1.1
7 Ca Si Fe o] 0. 0. 4. 2. 26. 0. O 0. 2.56. 1. 0. 0. 0. 9. 0. 0. 0. O. 1.5
5 Fe S8i Ca 0 0. 0. 0. 12.27. 0. 1 0. 1. 16 0. 0. 0. 0. 44. 0. 0. © 0. 0.8
7 Si Al Ti 0. 0. 0. 0. 24. 45. 0. 2. 0 9. 1. 12 0 0. 0. 7 0 0 0 0. 0.9
3 sis K . 0. 0. 0. 1.81. 0.27. 0. 15. 0. 0. 0. O. O. 6. 0. 0. 0. O. 0.5
92 ALL CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 4.5
11%0 TOTALS - 0. 0. 0. 0. 17.55. 0. 2. 0. 7. 7. 1. 0. O. O0.10. O. O. 0. O. 100.0
Volume DISTRIBUTION
SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.
si - - 16.9 4 16. 29 27 16 5 3
Si Al K 35.9 9 32. 21 27 9 2. 0
Si Al Fe 12.0 19. 36. 15. 14. 10. 6. 0
OTHERS - 35.1 9. 20. 13. 25. 15. 12. 7.




Table 4-19. CCSEM Analysis of Beneficiated Pittsburgh No. 8 Coal Ash, 1500 °C Furnace Set Point, 2.6 s Res.
Time, Stoichiometric ratio=1.2

SAMPLE 1162 PSI ASH IN EPOXY, Pitt. No. 8 (Kaiser, SCS'cleaned), 1500C, 2.6 RST, SR

AVERAGE SPECIES COMPOSITION

No. SPECIES C 0O Na Mg Al Si P S €1 K Ca Ti V Cr Mn Fe Ni Cu Zn X Vol %
17 ca - -~ g. 0. 0. ©0. 1. 1. 0. 1. O 0. 94 0. 0. 0. 0. 3. 0 0. 0. O. 0.7
55 8i - - 0. 0. 0. O 2. 93. 0. 0. O 1. 0. 0. 0. O0. O. 3 0 0. 0. 0. 5.3
16 Fe - -~ 0. 6. 0. 0. 3. 5. 0. 1. 0. 0. 1 1. 0. 0. 0. 89. 0O 0. 0. O. 0.7
2 Al - - g. 0. O. 0. 99. 0. 0. 0. 0. 0. O i. 0. oO0. 0. 0. O 0. 0. 0. 0.7
29 Al si - 0. 0. 0. 0. 51, 47. ©0. 0. ©0. 1. 0. O0. O0. ©O. 0. 1. 0. O. 0. 0. 3.1
87 Si Al - 0. 0. O. 0. 39.56. 0. 0. 0. 2. 0. 0. 0. O0. 0. 2. 0. 0. 0. 0. 9.4
14 Si re - g. 0. 0. 0. 0.79. 0. 1. 0. 2. 0. 1. O 0. 0. 17. 0. 0. 0. 0. 1.3
339 PFe Si Al 0. 0. 0. 0. 17. 28. 0 1 0. 1. 4 2. 0. 0. 0. 47. 0 0. 0. 0. 25.8
217 8i Al Fe 0. 0. O0. 0. 29. 47. 0. O 0. 5. 2 i. 0. 0. O0.1215. 0. 0. O. 0. 21.9
8 Al Si Fe 0. 0. 0. 0. 46. 41. 0. © 0. 2. 0 0. 0. 0. 0.10. 0. 0. 0. 0. 0.7
157 Si Fe Al 0. 0. 0. 0. 18. 43. 0. 1 0. 3. 3 i. 0. 0. 0. 30. O o. 0. 0. 11.9
13 Fe Al Si 0. 0. 0. 0. 25.20. 0. 2. 0. 1. 2. 0. O0. O. O0.50. O 0. 0. 0. 0.6
20 Fe 8i Ca ¢. 0. 0. 0. 11, 21. 0. 1. 1. ©O0. 15. 4. 0. O. 0. 47. 0. © 1. 0 1.5
6 Fe Ca Si o. 0. 0. O0. 14. 21. 0. O. O. O.25. 4. 0. O0. 0. 35. 0. O 0. 0 0.5
8 Si Fe K o. 0. o. ©O0. 3. 67. .0. 0. O0. 8., 0. 1. O. O. O0.20. 0. O. 0. O. 0.6
13 Fe 81 S 0. 0. 0. 0. 8. 28. 0, 14. 1. 1. S5. 2. 0. 0. O. 40. 0. 0. 0. 0. 0.6
8 Fe S S8i 0. 0. 0. 0. 8. 19. 0. 24, 2. 0. 5. 0. 0. O. 0. 39. 0. 2. 0. 0. 0.6
70 Si Al X 0. 0. 0. 0. 31, 57. 0. 0. 0. 9. 0. 0. 0. 0. 0. 3. O. 6. 0. 0. 6.9
4 Al Si X 0. 0. 0. 0. 48. 43. 0. ©0. ©O0. 7. 0. O0. O. ©O0. O. 2. 0. 0. 0. O. 0.7
106 ALL CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 6.8
1189 TOTALS - 0. 0. 0. 0. 23.43. 0. 2. 0. 3. 4. 1. 0. O0. 0. 24. 0. 0. 0. 0. 100.0
Volume DISTRIBUTION
SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.
§i ~ - 5.3 4. 29. 18 37 11 0 0
sial - 9.4 1. 19. 40. 33. 8. 0. 0.
Fe Si Al 25.8 23. 34. 21. 15. 6. 2. 0.
8i Al Fe 21.9 6. 19. 33. 34. 7. 0. 0.
Si Fe Al 11.9 11. 41. 22. 15. 11. 0. 0.
Si Al K 6.9 1. 0. 37. . S1. 10. 1. 0.
OTHERS - 18.8 : 15. 17. 28. 22. 10. 6. 3.
TOTALS - 100.0 12. 24. 28 26. 8 2 1.
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Table 4-20. CCSEM Analysis of Beneficiated Pittsburgh No. 8 Coal Ash, 1500 °C Furnace Set Point, 2.6 s Res.
Time, Stoichiometric Ratio=0.9

SAMPLE 1170 PSI ASH IN EPOXY rerun -

AVERAGE SPECIES COMPOSITION

No. SPECIES C O Na Mg 2al si P S €1 XK Cca Ti V Cr Mn Fe Ni Cu Zn X Vol %
91 si - - 6. ¢ 0. 0 1. 96 0. 0. 0. 1 0. 0 0 0 0 1 0. 0. O 0 9.1
29 Fe - - o 0. 0. 0. 2. 2. 0. 1. o0 0. 0. O 0 0 0. 85 0. 0. O 0. 1.2
19 Ca - - . 0. 0. © 0 1. 0. 1. ¢ 0. 85. 0. O 0. 0 3 0. 0 0 0 0.5
46 Al si - ¢. 0. O. 0. 52,47. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. O. 1.7
79 S8i Al - 0. 0. 0. 0. 41.54., 0. 1. 0. 2. 0. 0. 0. 0. 0. 1. 0. O0. 0. oO. 3.8
17 Fe s - . 0. 0. ©0. 0. 1. 0. 2%. 0. 1. 0. 1. 0. O. O. 68. 0. 0. 0. O. 0.7
15 Si Fe - 0. 0. 0. 0. ©O0.79. 0. 1. 0. 3. 1. 0. O. O. O0.16. 0. 0. 0. 0. 2.2
127 Si Fe Al 0. 0. O0. 0. 17. 44. 0. 2. 0. 4. 3. 2. 0. 0. 0.28. 0. 0. 0. 0. 11.2
232 Fe Si Al 0. 0. 0. 0, 16.27. 0. 2. 0. 1. 4. 2. 0. 0. O0. 48. 0. 0. 0. 0. 22.5
199 Si Al Fe 0. 0. 0. O0.30.46. 0. 2. 0. 5. 1. 1. 0. 0. ©0.15. 0. 0. O0. 0. 18.5
66 Si Al K 6. 0. 0. O0. 34.53. 0. 1. 0. 9. 0. 0. O. 0. ©0. 3. 0. 0. 0. O. 6.6
19 Fe si Ca 0. 0. 0. ©0.10.25. 0. 2. 0. 1. 14. 2. 0. O0. 0. 47. 0. 0. 0. O. 1.9
8 Fe Ca Si 6. 0. 0, 0. 11. 6. 0. 2. 0. 0. 22. 4, 0. 0. 0. 45. 0. 0. 0. O. 1.4
6 Fe Si Ti ¢. 0. 0. 0. 8.21. 0. 2. 0. 0. 4.13. 0. 0. 0. 51. 0. 1. 0. 0. 0.6
5 Si Fe Ti 6. 0. o0, 0. 1. 67. 0. O©O. O. 4. O. 8. 0. 0. 0. 19. 0. 0. 0. 0. 0.5
9 Si Al Ca 0. 0. 0. 0. 28. 44. 0 0 0. 2.15. 0. 0 0. 0.10. 0. 0. 0. O. 0.5
6 Ca Si Al 0. 0. 0. 0. 17. 22. 0 0 0 0. 50. O 0 0. 0.11. 0. 0. 0. O. 0.6
18 Fe s Si 0. 0. 0. 0. 2.21. 0. 26. 3 3. 3. 1. 0. 1. 0. 36. 2. 0. 2. 0 1.7
13 S 8i Fe 0. 0. 0. 0. 11. 24. 0. 39 1 0. 4. 4. 0. 0. 0.17. O 0 0. © 1.0
14 Si S Fe 0. 0. 0. O. 9. 36. 0. 27 1 5. 1. 1. 0. oO0. 0. 17. 1. ©O0. 2. O 1.9
14 Si Fe S 0. 0 0. 0. 5. 38, 0. 16. 3 5. 2. 0. 0. 0. 0.27. 0 0 4. 0 2.0
27 Fe Si S 0. 0O 0. 0. 11. 24. 0. 18. 1 1. 3. 2. 0. 1. 0. 40. 0 0 1. © 2.6
7 S Fe Si 0. © 0. 0. 13. 19, 0. 29. 2 6. 1. 1. 0. 1. 0. 23. 0 0 6. 0. 1.0
8 si s al 0. 0. 0. 0. 18. 48. -0. 27 1 0 0. 0 0 0. 0 3 0. © 0 0 1.0
9 s8ials 0. 0. 0. 0. 24. 45. 0. 17 0. 2 2. 0 0 0. 0. 10 0. 0 0. 0 0.9
85 ALL CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 4.3
1168 TOTALS - 0. 0. 0. O.18. 43, 0. 5. o0, 3. 4. 1. 0. 0. ©0.25. 0. 0. 0. 0. 100.0
Volume DISTRIBUTION
SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.
si - - 9.1 4 42, 33 15 4 2 0
Si Fe Al 11.2 21 32 28. 14 4 1. 0
Fe Si Al 22.5 29. 41 14. 10. 4 2. 0
Si Al Fe 18.5 20 32. 23. 22 4 0. 0
Si Al K 6.6 18. 36. 22. 198 4 1 0
OTHERS -~ 32.0 16. 30. 26. 17. 7 3 0
TOTALS - 100.0 19. 35. 23 16 5 2 0




Table 4-21. CCSEM Analysis of Beneficiated Pittsburgh No. 8 Coal Ash, 1500 °C Furnace Set Point, 2.6 s Res.
Time, Stoichiometric Ratio=0.6

SAMPLE 1171 PSI ASH IN EPOXY, Pitt No. 8 (Kaiser, SCS g¢leaned), 1500C, 2.6 RST, SR=0.6

AVERAGE SPECIES COMPOSITION

No. SPECIES C 0O Na Mg Al sSi P S C1 XK Ca Ti V Cr Mn Fe Ni Cu 2n X Vol %
69 si - - 0. 0. © 0. 2. 94 0. 1 0. 1. 0 Y] 0. 0 0 2 0 0 0 0 7.3
15 Fe - - 0. 0. 0. 0. 0. 1 0 2 0. 0. © 0. 0. 0. 0. 97 0 0 0 0 0.6
94 Al si - 0. 0. 0. 0. 53.45. 0. 0. 0. 1. 0. 0. 0. O. 0. 0. O0. 0. 0. O. 1.8
96 Si Al - 0. 0. 0. 0.37.57. 0. 1. 0. 3. 0. 0. 0. 0. 0. 2. 0. 0. 0. O. 5.0
50 Fe s - 6. 0. o. €. 0. 2. 0.32. 0. 0. 0. OG. 0. O. 0. 66. 0. 0. 0. O. 3.8
2 siTi - 0. 0. © 0. 0.7%. 0. 0. 0. 0. O0.21. O 0. 0. 0. O 0. 0 0 0.7
4 Si Fe - 0. 0. 0 0. 0.75. 0 1. 0. . 2. 1. O 0. 0. 0.21. O 0 0. 0. 0.5
95 Fe Si Al 0. 0. 0. 0. 15. 26. 0. 5. 0. 1. 3. 1. o0. 0. 0. 45. 0. 0. 0. O. 9.1
127 Si Al Fe 0. 0. O0. 0. 31, 46. 0. 3. 0. 4. 1. 0. 0. O0. 0. 15. 0. 0. 0. 0. 16.2
75 Si Fe Al 0. 0. 0. 0. 19.42. 0. 5. 0. 4. 1. 0. 0. 0. 0. 28. 0. 0. 0. O©. 4.9
56 Sial K ¢. 0. 0. 0, 35.5%2. 0. 2. 0. 7. 0. O. O. O. O0. 4. 0. 0. 0. O. 4.3
35 si s al 0. 0. 0. 0. 18. 40. 0. 27. 1. 2 2. 1. 0. O0. 0. 9. 0. 0. 0. O. 4.4
25 S si Al ¢. 0. O. 0. 15. 28. 0. 45. 1. 1 0. 1. 0. 0. 0. 9. 0. 0. 0. O. 2.9
32 S8i Al s 0. 0. 0. 0. 28, 47. 0. 13. 0. 4. 1. 1. 0. 0. O0. 6. 0. 0. 0. ©O. 1.8
5 s Al si 0. 0. 0. 0. 20. 17. 0. 44. 0. 0. 7 0. 0. 0. 0.11. 0. 0. O. O. 0.8
33 Si 8§ Fe 0. 0. 0. O 9. 41. 0. 28. 0. 2 i. 0. 0. 1. 0. 18 0. 0. 0. O 3.0
67 S Si Fe 0. 0. 0. © 7. 26. 0. 45. 0. 1 3. 1. ¢ 0. 0.16. 0. 0. 0. 0 8.0
28 Fe 8i S 0. 0. 0. 0. 10. 26. 0. 14. 0. O0. 1. 1. O 0. 0. 46. 0. 0. 0. O 2.4
18 S8i Pe S 0. 0. 0. 0. 4. 48. 0. 15. 0. 3 1. 2. ¢ 0. 0.23. 0. 0. 2. 0. 3.8
40 Fe s 5i 0. 0. 0. 0. 7. 18. 0. 30. 0. 1 1. 0. 0. 1. 0, 42. 0. 0. 0. O 3.5
49 S Fe Si 0. 0. 0. 0. 10. 17. 0. 45. 0. 2 1. 0. © 0. 0. 25. 0. 0. 0. O. 7.8
6§ S S5ica 0. 0. 0. 0. 6.25. 0. 46. 0. 1. 14. 0. 0. O0. 0. 9. 0. 0. O 0. 0.7
7 S SiTi 6. 6. 0. 0. 8., 30. 0. 43. 0. 0. O0.13. 0. ©0. 0. 5. 0. 0. 0. O. 0.8
123 ALL CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 5.6
1151 TOTALS - 0. 0. 0. 0. 16. 39. 0. 18 0 2. 2 1 0 0. 0.21. 0 0 0. 0. 100.0
Volume DISTRIBUTION
SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.
s~ - 7.3 3. 7. 28, 10. 2. o. 0.
si al - . 5.0 16. 18. 34. 20. i0. 1. 0.
Fe Si Al 9.1 49. 29. 11, 8 2. 1. 0.
Si Al Fe 16.2 26. 53. 14. 6 1. 0. 0.
Si Fe Al 4.9 56. 14. 28. 0. 1. 1. 0.
Si Al X 4.3 20. 24. 40. 12 4. 0. 0.
sis al 4.4 7. 44 27 22 0 0. 0.
S Si Fe 8.0 15. 48. 27. 10 1 0. 0.
S Fe Si 7.8 12. 72. 16. 0 0 0. 0.
OTHERS - 33.1 33. 26 21. 12. 5 2. 1.
TOTALS - 100.0 28 37. 21 10 3 1 0
4-27




Table 4-22. CCSEM Analysis of Black Thunder Coal Ash, 1500 °C Furnace Set Point, 2.6 s Res. Time,
Stoichiometric Ratio=1.2

SAMPLE 1172 PSI ASH IN EPOXY, Black Thunder, 1500C, 2.6 RST, SR=1.2

AVERAGE SPECIES COMPOSITION

No. SPECIES c O Na Mg Al Si P S ¢l K Ca Ti V Cr Mn Fe Ni Cu 2n X Vol %
260 Ca - - 0. © 0 2. 5 2. 0 0 0. 0. 83 1. 0. 0. O 6 0 0. 0. O 24.9
130 si - - 0. 0. 0. @ 0. 98. 0. 0. 0. 0. 2, O o] 0. 0. 0. 0. 0. 0. 0. 11.4

16 Fe - ~ 0. © 0 0. 0 0. 0 1. 0 0. 1. 0 0 0. 0. 98. 0 0 0 0 1.1

36 A} Ssi -~ 0. 0. 0. O. 54. 45. 0. 0. O0. 1. 0., 0. 0. O. 0. 0. 0. 0. 0. O. 3.5

34 si Al -~ 0. 0. O 0. 3%. 55. 0. 0. © 3 2 0 0 0 0 0 0 0. O 0 2.6

42 Ca Si - 0. 0. 0. 2. 1. 26. 0. 0. O, O0.66, 1. 0. 0. 0. 3., 0. 0. 0. oO. 3.3
46 Si Ca - 6. 0. 0. o0, 0. 73, 0. O0. O0. O0. 24, 1. 0. O0. O. 1. 0. 0. 0. oO. 4.5
32 Ca Al - 0. 0. 0. 1. 17. 1. 2. 0. 0. O. 74, 1. 0. O. O. 4. 0. 0. 0. oO. 2.7

5 Ca Mg - 0. 0. 0.18. 2, 1, 0. 0. 0. 0. 74. 1. Q. 0. 0. ¢ 0. 0. 0. 0. 0.5

84 Ca Si Al 0. 0. 0 0. 14. 23. © 0 0. 0.56., 1. 0. 0. O. 4 0. 0. O 0. 5.5

61 Si Al Ca 0. 0. 1. 0. 32. 47. 0. 0. 0. 2.15. 1. 0. 0. O©0. 2 g. 0. 0. O. 5.4
10 Al Si Cca 0. 0. 0. O, 40. 36, 0. O. 0. 1. 18. 2. 0. O0. 0. 2. 0. 0. O 0. 1.0
40 Ca Al Ssi 0. 0. O 0. 21. 14. 1. @ 0. Q. %8. 2, 0. O, 0. 4. 0. 0. O 0. 2.7
33 S8i Ca Al 6. 0., 1. 0. 17. 46. 0. 0. O. 2. 28. 2. 0. 0. 0. 3. 0. 0. 0O 0. 2.3
12 8i s ca 0. 0. 0. 1. 1. 55. 0. 25. 3. 2, 13. 0. O0. O. 0. ©0. 0. 0. 0. O. 1.2

5 8i Ca S 0. 0. 0. 0. 6., 53. 0. 14. O0. 0. 25. 2. 0. 0. 0. O. O. 0. 0. O. 0.7
5 S§ SicCa a. 0 ¢. 0. 0. 26. 0. 41, 10. 0., 22. Q0. 0. 0. 0. 0. O0. 0. 1. O. 0.7

31 Ca Si Fe 0. 0. 0. 1. 1. 25. 0. O. O. O. 65. 1, 0. 0. O. 6. 0. O0. 0. O. 3.4
10 Si Ca Ti o. 0. 0. 0. ©O0. 60. 0. O0. O. 4. 24, 10. 0. O0. O0. 1. 0. 0. 0. O. 0.7
10 cCa si Ti 0. 0. 0. 0. 1.25. 0. 0. 0. O0.64. 7. 0. Q. 0. 3. 0. 0. 0. O. 1.1

4 8i Ti Ca 0. 0. O0. 0. 7. 65. 0 0 6. 0. 10. 18, 0. O 0 0 0. 0. 0. O 1.2

46 Ca Al P 0. 0. 0. 0. 23. 0, 13. 0. O. O0.58. 3. 0. 0. 0. 3. 0. 0. 0. O. 4.0
10 Ca P Al 0. 0. ©0. 0.13. 0. 20. 0. 0. O0.61. 3. 0. O, 0. 2. 0. 0. 0. 0. 0.8

65 Ca Al Fe 0 0. 0. 1. 13. 1. 0. 0. ©O. 0. 76. 1. 0. 0. O. 8. 0. 0. 0. O. 5.0
16 Ca Fe Al ¥ 0. 0. 1. 10, 3. 0. 0. O 6. 70. 0. O 0. 0. 15. 0 0 0. 0. 0.6

7 Ca Mg Fe 0. 0. 0. 14. 3. 1. 0O 1. 0. 0. 74. O 0. o0. 0. 7. 0. 0. 0. O. 0.8
4 Ca Mg Si 6. 0. O0.12. 2, 9. 0 0. 0. ¢.72. 0. 0. 0. 0. 5. 0. 0. 0. 0. g.5

13 8i Al K 0. 0. 1. 0. 32.54. 0. 0. 0. 9. 2. 0. 0. 0. 0. 2. 0. 0. 0. O. 0.9
11 Ca Al Mg . 0. ©O0. 8. 13. 1. 2 1. 0. 0. 71. © 0. 0. 0. 5. 0. 0. 0. O. 0.5

15 S8i Al Na 0. 0. 13. 0. 29, 46. 0. 1. O 6. 4. 1. 0. 0. 0. 1. 0. 0. O. 0. 1.1

92 ALL CATEGORIES WITH VOLUME % LESS THAN 1.0 COMBINED IN ONE 5.6

1186 TOTALS -~ 0. 0. 0. 1. 12. 3. 1. 1. ©O. 1. 47. 2. 0. O. O. S5. 0., O0. 0. oO.

Volume DISTRIBUTION

SPECIES Volume % 0.2-2.5 2.5-5.0 5.0-10. 10.- 20. 20.- 40. 40.- 80. 80.-500.
Ca - - 24.9 S. 18. 22 39 14 2 0
si - - 11.4 7. 21. 19. 23. 21. 9 0.
Si ca - 4.5 1. 1i